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Foreword 


DIDN'T WRITE a foreword to che original edi- 

tion of A Brief History of Time. That was 

done by Carl Sagan. Instead, I wrote a short 
piece titled “Acknowledgments” in which I was 
advised 10 thank everyone, Some of the founda- 
tions that had given me support weren't too 
pleased to have been mentioned however, 
because it led to a great increase in applications. 

1 don't think anyone, my publishers, my 
agent, or myself, expected the book to do any- 
thing like as well as it did, It was in the London 
Sunday Tomes best seller list for 237 weeks, 
longer than any other book (apparently, the 
Bible and Shakespeare aren't counted), It has 
been translated into something like forty lan- 
guages and has sold abour one copy for every 
750 men, women, and children in the world. As 
Nathan Myhrvold of Microsoft (a former post- 
doc of mine) remarked: I have sold more books 
on physics than Madonna has on sex. 

The success of A Brief Histary indicates that 


there is widespread interest in the big questions 
like: where did we come from? And why is the 
universe the way it is? However, I know that 
many people have found parts of the book diffi 
cult to follow. The aim in this new edition is to. 
make it easier by including large numbers of 
illustrations. Even if you only look at the pi 


tures and their captions, you should get some 
idea of what is going on. 

I have taken the opportunity to update the 
book and include new theoretical and observa- 
tional results obtained since the book was first 
published (on April Fools’ Day, 1988). I have 
included a new chapter on wormholes and time 
travel, Einstein's General Theory of Relativity 
seems to offer the possibility that we could ere- 
ate and maintain wormholes, little tubes that 
connect different regions of space-time, If so, we 
might be able to use them for rapid travel 
around the galaxy or travel back in time. Of 
course, we have nor seen anyone from the future 


(or have we?) but I discuss a possible explana- 
tion for this. 

1 also describe the progress that has been 
made recently in finding "dualities" or corre- 
spondences between apparently different theo- 


ries of physics. These correspondences are a 


strong indication that there is a complete unified 
theory of physics, but they also suggest that it 
may not be possible to express this theory in a. 
single fundamental formulation. Instead, we 
may have to use different reflections of the 
underlying theory in different situations. It 
might be like our being unable to represent the 
surface of the earth on a single map and having 
to use different maps in different regions. This 
would be a revolution in our view of the unifi- 
cation of the laws of science but it would not 
change the most important point: thar the uni- 
verse is governed by a set of rational laws that 
we can discover and understand. 

On the observational side, by far the most 
important development has been the measure- 
ment of fluctuations in the cosmic microwave 
background radiation by COBE (the Cosmic 


Background Explorer satellite) and other collab- 
orations. These fluctuations are the fingerprints 
of creation, tiny initial irregularities in the othe! 


wise smooth and uniform early universe that 
later grew into galaxies, stars, and all the struc- 
tures we see around us, Their form agrees with 
the predictions of the proposal that the universe 
has no boundaries or edges in the imaginary 
time direction; but further observations will be 
necessary to distinguish this proposal from. 
other possible explanations for the fluctuations 
in the background. However, within a few years 
we should know whether we can believe thar we 
live in a universe that is completely self-con- 
tained and without beginning or end. 


Stephen Hawking 
Cambridge, May 1996. 


WELL-KNOWN SCIENTIST 


(some say ir was 


A 


gave a public lecture on astron- 


Bertrand Russell) once 


omy. He described how the earth 
orbits around the sun and how the sun, in turn, 
orbits around the center of a vast collection of 
stars called our galaxy. At the end of the lecture, 
a little old lady at the back of the room got up 
and said: “What you have told us is rubbish, The 
world is really a flat plate supported on the back. 
of a giant tortoise.” The scientist gave a superior 
smile before replying, “What is the tortoise stand- 
ing on?” “You're very clever, young man, very 
clever,” said the old lady. “But its turtles all the 
way down!” 

Most people would find the picture of our 
universe as an infinite tower of tortoises rather 
ridiculous, but why do we think we know bet- 
ter? What do we know about the universe, and 


how do we know it? Where did 
the universe come from, and 
Did the uni- 


verse have a beginning, and if 


where is it going? 


so, what happened before then? 
What is the nature of time? Will it ever come to. 
an end? Can we go back in time? Recent break- 
throughs in physics, made possible in part by 
fantastic new technologies, suggest answers to 
some of these longstanding questions. Someday 
these answers may seem as obvious to us as the 
carth orbiting the sun — or perhaps as ridicu- 
lous as a tower of tortoises. Only time (whatev- 
er that may be) will tell. 

As long ago as 340 i.c. the Greek philoso- 
pher Aristotle, in his book On the Heavens, was 
able to put forward two good arguments for 
believing that the earth was a round sphere 
rather than a flat plate, First, he realized that 
eclipses of the moon were caused by the earth 


The 


earth’s shadow on the moon was always round, 


coming between the sun and the moon. 


which would be true only if the earth was spher- 
ical. If the earth had been a flat disk, the shadow 
would have been elongated and elliptical, unless 
the eclipse always occurred at a time when the 
sun was directly under the center of the disk. 
Second, the Greeks knew from their travels that 
the North Star appeared lower in the sky when 
viewed in the south than it did in more norther. 


Fig. 1.1 


Opposite: The Hindu Universe depicts the earth 
supported hy six elephants, while the infernal regions 
are carried by a tortoise resting om a snake 

Left: Medieval depiction of 1 
a flat earth floating on water with the four elements 


carly Greek concept of 


above it, Above: Aristotle, Roman copy of a Greek 
original from the Atl century ac 


ly regions, (Since the North Star lies over the 
North Pole, it appears to be directly above an 
observer at the North Pole, but to someone 
looking from the equator, it appears to lie just at 
the horizon: Fig. 1.1.) 

From the difference in the apparent position 
of the North Star in Egypt and Greece, Aristotle 
even quoted an estimate that the distance 
around the earth was 400,000 stadia. It is not 
known exactly what length a stadium was, but 


it may have been about 200 yards, which would 
make Aristotle's estimate about twice the cur 
rently accepted figure, The Greeks even had a 


third argument that the earth must be round, for 


why else does one first see the sails of a ship 
coming over the horizon, and only later see the 
hull? 

Aristotle thought the earth was stationary 
and thar the sun, the moon, the planets, and the 
stars moved in circular orbits about the earth. 
He believed this because he felt, for mystical 


reasons, thar the earth was the center of the uni 


Prolemy using a quadrant to measure the elevation of 
be moon, Basle, 1508. 


verse, and that circular motion was the most 
perfect. This idea was elaborated by Prolemy in 
the second century A-D. into a complete cosmo- 
logical model, The earth stood at the center, sur 
rounded by eight spheres thar carried the moon, 
the sun, the stars, and the five planets known at 
the time, Mercury, Venus, Mars, Jupiter, and 
Saturn (Fig. 1,2). The planets themselves moved 


on smaller circles attached to their respective 


spheres in order to enly bodies in the sky 


account for their rather Bur in order to predict 
complicated observed paths in these positions correctly 
the sky. The outermost sphere carried the so- Ptolemy had to make an assumption that the 
called fixed stars, which always stay in the same — moon followed a path that sometimes brought it 
positions relative to each other but which rotate twice as close to the earth as at other times. And 
together across the sky. What lay beyond the — that meant that the moon ought sometimes to. 
last sphere was never made very clear, but it cer- — appear twice as big as at other times! Ptolemy 
tainly was nor part of mankind’s observable uni- — recognized this flaw, but nevertheless his model 
verse was generally, although not universally, accept. 


Prolemy's model provided a reasonably accu- ed. It was adopted by the Christian church as the 


rate system for predicting the positions of heav- — picture of the universe that was in accordance 


Above: Nicholas Copernicus (1473-1543). 
Right: Kepler's Theoretical Model linking the planetary 
orbuts with an arrangement of concentric geometrical 
solids (1596) 

with Seripture, for it had the great advantage 
that it left lots of room outside the sphere of 
fixed stars for heaven and hell. 

A simpler model, however, was proposed in 
1514 by a Polish priest, Nicholas Copernicus, 
(At first, perhaps for fear of being branded a 
heretic by his church, Copernicus circulated his 
model anonymously.) His idea was that the sun 


was stationary at the center and that the earth 


and the planets moved in circular orbits around 
the sun (Fig. 1.3). Nearly a century passed 
before this idea was raken seriously. Then two 
astronomers — the German, Johannes Kepler, 


and the Italian, Galileo Galilei — started pub- 


licly to support the Copernican theory, despite 
the fact that the orbits it predicted did not quite 
match the ones observed. The death blow to the 
Aristotelian/Prolemaic theory came in 1609. In 
that year, Galileo started observing the night sky 
with a telescope, which had just been invented. 


When he looked at the planet Jupiter, Galileo 


found that it was accompanied hy several small 


satellites or moons that orbited around it, This 
implied that everything did not have to orbit 
directly around the earth, as Aristorle and 
Prolemy had thought. (It was, of course, still 
possible to believe that the earth was stationary 


at the center of the universe and that the moons 


of Jupiter moved on extremely complicated 
paths around the earth, giving the appearance 
that they orbited Jupiter. However, Copernicus's 
theory was much simpler) At the same time, 
Johannes Kepler had modified Copernicus's theo- 
ry, suggesting that the planets moved not in circles 
but in ellipses (an ellipse is an elongated circle) 
The predictions now finally matched the observa: 
tions, 

As far as Kepler was concerned, elliptical 
orbits were merely an ad hoc hypothesis, and a 
rather repugnant one at that, because ellipses 
were clearly less perfect than circles. Having dis 
covered almost by accident that elliptical orbits 
fit the observations well, he could not reconcile 
the 
orbit the sun by magnetic forces. An explanation 
in 1687, when Sir 
his Philosophiae. 


Naturalis Principia Mathematica, probably the 


with his idea that the planets were made to 


was provided only much lat 


Isaac Newton published 
most important single work ever published in 
the physical sciences. In it Newton not only put 


forward a theory of how bodies move in space 


Galileo Gals (1564-1642), Engraving, Padua 1744, 


and rime, bur he also developed the complicated 
mathematics needed to analyze those motions. 
In addition, Newton postulated a law of univer- 
sal gravitation according to which each body in 
the universe was attracted toward every other 
body by a force that was stronger the more 
massive the bodies and the closer they were to. 
each other. It was this same force that caused 
objects to fall to the ground, (The story thar 


Newton was inspired by an apple hitting his 


piece of Harn 


showing Copernicus, Ptolemy 


Opposite: Isaac Newton (1642-1727) 


Engraving after the portrait 


pia Macrocosmica, 1708, 
allen. 


hy Vanderbanks 153. 


head is almost certainly apocryphal, All Newton 
himself ever said was thar the idea of gravity 
came to him as he sat “in a contemplative 
mood” and “was accasioned by the fall of an 


apple.*) Newton went on to show that, accord- 


ing to his law, gravity causes the moon to move 
in an elliptical orbit around the earth and caus- 


rth and the planets to follow elliptical 
paths around the sun. 

The Copernican model got rid of Ptolemy's 
celestial spheres, and with them, the idea that 
the universe had a natural boundary. Since 
“fixed stars” did not appear to change their 
positions apart from a rotation across the sky 
caused by the earth spinning on its axis, it 
became natural to suppose that the fixed stars 
were objects like our sun but very much farther 

Newton realized thar, according to his theory 
of gravity, the stars should attract each other, so 
it seemed they could nor remain essentially 
motionless, Would they not all fall together at 
some point? In a letter in 1691 to Richard 
Bentley, another leading thinker of his day, 
Newton argued that this would indeed happen if 
there were only a finite number of stars distrib- 
uted over a finite region of space. But he rea 


soned that if, on the other hand, there were an 


infinite number of stars, distributed more or less 


uniformly over infinite space, this would nor 
happen, because there would nor be any central 
point for them to fall to. 

This argument is an instance of the pitfalls 
that you can encounter in talking about infinity 


In an infinite universe, every point can be 


| | PHILOSOPHIE 
NATURALES 


|PRINCIPIA 
| MATHEMATICA. 


regarded as the cen: 


ter, because every 
point has an infinite. 
number of stars on. 


each side of it, The 


MERIMA TI 


correct approach, it 


was realized only 


| h late 


consider the finite 


situation, in which 
the stars all fall in on each other, and then to ask 
how things change if one adds more stars rough 
ly uniformly distributed outside this region. 
According to Newton's law, the extra stars 
would make no difference at all to the original 
ones on average, so the stars would fall in just as 
fast. We can add as many stars as we like, bur 
they will still always collapse in on themselves. 


We now know it is impossible to have an infinite 


static model of the universe in which gravity is 
always attractive. 
Ir is an interesting reflection on the general 


climate of thought before the twentieth century 


that no one had suggested that the universe was 


expanding or contracting. It was generally 
accepted that either the universe had existed for- 


ever in an unchanging state, or that it had been 


created at a finite time in the past more or less 


as we observe it today. In part this may have 
been due to people's tendency to believe in eter- 
nal truths, as well as the comfort they found in 
the thought thar even though they may grow old 
se is eternal and w 


and die, the uni hanging. 


Even those who realized that Newton's theory 


of gravity showed that the universe could not be 
static did not think to suggest that it might be 
expanding. Instead, they attempted to modi 


the theory by making the gravitacional force 
repulsive at very large distances. This did nor 
significantly affect their predictions of the 
motions of the planets, but it allowed an infinite 
distribution of stars to remain in equilibrium — 
with the attractive forces between nearby stars 
balanced by the repulsive forces from those that 
were farther away. However, we now believe 
x if the 


stars in some region got only slightly nearer each 


such an equilibrium would be unstabl 


other, the attractive forces between them would 
become stronger and dominate over the repul- 
sive forces so that the stars would continue to. 
the other hand, if the 


stars gor a bit farther away from each other, the 


fall roward each other, 


repulsive forces would dominate and drive them 
farther apart. 

Another objection to an infinite static uni- 
verse is normally aseribed to the German 
philosopher Heinrich Olbers, who wrote about 


10 


this theory in 1823. In fact, various contempo- 
aries of Newton had raised the problem, and 
the Olbers article was not even the first to con- 
tain plausible arguments against it. It was, how- 
ever, the first to be widely noted. The difficulty 


is that in an infinite static universe nearly every 
line of sight would end on the surface of a star 
(Fig. 1,4). Thus one would expect that the whole 
sky would be as bright as the sun, even ar night, 


Olbers’s counterargument was that the light 


from distant stars would be dimmed by absorp- 


tion by intervening matter. However, if that hap- 
pened the intervening matter would eventually 
heat up until it glowed as brightly as the stars. 
The only way of avoiding the conclusion that 
the whole of the night sky should be as bright as 
the surface of the sun would be to assume that 
the stars had not been shining forever but had 
turned on at some finite time in the past. In that 


case the absorbing matter might not have heated 


up yet or the light from distant stars might nor 
yet have reached us. And that brings us to the 
question of what could have caused the stars to. 
have turned on in the first place. 

The beginning of the universe had, of course, 
been discussed long before this. According to a 
number of early cosmologies and the Jewish! 
Christian/Muslim tradition, the universe started 
ata finite, and nor v 


y distant, time in the past. 


One argument for such a beginning was the feel- 
ing that it was necessary to have “First Cause” 
to explain the existence of the universe. (Within 


the universe, you always explained one event as 
being caused by some earlier event, but the exis- 
tence of the universe itself could be explained in 
this way only if it had some beginning.) Another 
argument was put forward by St. Augustine in 
his book The City of God. He pointed out that 
ivilization is progressing and we remember 


who performed this deed or developed that tech- 
nique. Thus man, 


nd so also perhaps the uni- 
verse, could nor have been around all that long 
St. Augustine accepted a date of about 5000 n.c. 
for the Creation of the universe according to the 
book of Genesis. (It is interesting that this is not 


Fig. La If the universe was infinite and static, every 
line of sight would end im a star, making the night sky 
as bright as the sun. 


so far from the end of the last Ice Age, about 
10,000 t.c... which is when archaeologists tell us 
that civilization really began.) 

Aristotle, and most of the other Greek 
philosophers, on the other hand, did not like the 
idea of a creation because it smacked too much 
of divine intervention. They believed, therefore, 
thar the human race and the world around it 
had existed, and would exist, forever. The 
ancients had already considered the argument 
about progress described above, and answered it 
by saying that there had been periodic floods or 
other disasters that repeatedly set the human 
ilization. 


race right back to the beginning of ci 

The questions of whether the universe had a 
beginning in time and whether it is limited in 
space were later extensively examined by the 
philosopher Immanuel Kant in his monumental 
(and very obscure) work, Critique of Pure 
Reason, published in 1781. He called these 
questions antinomies (that is, contradictions) of 
pure reason because he felt that there were 
equally compelling arguments for believing the 
thesis, that the universe had a beginning, and the 


antithesis, that it had existed forever. His argument 


for the thesis was that if the universe did not 


have a beginning, there would be an infinite peri 
od of time before any event, which he considered 
absurd. The argument for the antithesis was that 


if the universe had a beginning, there would be 
an infinite period of time before it, so why 
should the universe begin at any one particular 
time? In fact, his eases for both the thesis and 
the antithesis are really the same argument. 
They are both based on his unspoken assump- 
tion that time continues back forever, whether 
or nor the universe had existed forever, As we 
shall see, the concept of time has no meaning 
before the beginning of the universe. This was 
first pointed out by St. Augustine, When asked: 
“What did God do before he created the uni- 
verse?” Augustine didn't reply: “He was prepar- 
ing Hell for people who asked such questions.” 
Instead, he said that time was a property of the 
universe that God created, and that time did not 
exist before the beginning of the universe. 
When most people believed in an essentially 
static and unchanging universe, the question of 
whether or not it had a beginning was really one 
‘of metaphysics or theology. One could 


count 
for what was observed equally well on the theo- 
ry that the universe had existed forever or on the 
theory that it was ser in motion at some finite 
though it 


time in such a manner as to lool 
had existed forever. But in 1929, Edwin Hubble 
made the landmark observation that wherever 
you look, distant galaxies are moving rapidly 
away from us. In other words, the universe is 


Fig. 1.5 
expanding (Fig. 1.5). This means that at earlier 
times objects would have been closer together 


In fact, it seemed that there was a time, about 


they were all at exactly the same place and 


when, therefore, the density of the universe wa 


infinite, This discovery finally brought the 


question of the beginning of the universe into 
the realm of science 


Hubble's observations suggested that there 


Pai 


universe was infinitesimally small and 


infinitely dense. Under such conditions 


all the laws of science, and therefore 


ull ability to predict the future, would 
break down. 


If there were events 


earlier than this time, then they 
could not affect what happens at the 
present time. Their existence ean be 
ignored because it would have no 
One 


observational consequences. 


may say that time had a beginnin 


the big bang, in the sense that earlier 


times simply would not be defined, It 


should be emphasized that this heginning in 


time is very different from those that had been 


considered previously. In an unchanging uni 
verse a beginning in time is something that has 
to be imposed by some being outside the uni 
verses there is no physical necessity for a begin 
ning. One can imagine that God created the uni- 
verse at literally any time in the past. On the 
other hand, if the universe is expanding, there 
may be physical reasons why there had to be a 
beginning, One could still imagine that God ere 


ated the universe at the instant of the big 


or even afterwards in just such a way as to make 
it look as though there had been a big bang, but 


it would be meaningless to suppose that it was 


created before the big bang. An expanding uni- 
verse does not preclude a creator, bur it does 
place limits on when he might have carried out 
his jobt 

In order to talk about the nature of the uni- 
verse and to discuss questions such as whether it 
has a beginning or an end, you have to be clear 
about what a scientific theory is, I shall take the 
simpleminded view that a theory is just a model 
of the universe, or a restricted part of it, and a 
set of rules that relate quantities in the model to 
observations that we make. It exists only in our 
minds and does not have any. other reality 
(whatever that might mean). A theory is a good 
theory if it satisfies two requirements, It must 
accurately describe a large class of observations 
on the basis of a model that contains only a few 
arbitrary elements, and it must make definite 
predictions about the results of future observa- 
tions, For example, Aristotle's theory that every- 
thing was made out of four elements, earth, air, 
fire, and water, was simple enough to qualify, 
but it did not make any definite predictions, On 
the other hand, Newton's theory of gravity was 
based on an even simpler model, in which bod- 
ies attracted each other with a force that was 
proportional to a quantity called their mass and 
inversely proportional to the square of the dis- 


tance between them. Yet it predicts the motions 


Edwin Hubble (1889-1953) photographed at the 
Mount Wilson Observatory ie 1924 


of the sun, the moon, and the planets to a high 
degree of accuracy. 

Any physical theory is always provisional, in 
the sense that it is only a hypothesis: you can. 
never prove it. No matter how many times the 
results of experiments agree with some theory, 
you can never be sure that the next time the 
result will not contradict the theory. On the 


other hand, you can disprove a theory by find- 


ing even a single observation that disagrees with 


the predictions of the theory, As philosopher of 
science Karl Popper has emphasized, a good 
theory is characterized by the fact that it makes 
a number of predictions that could in principle 
be disproved or falsified by observation, Each 
time new experiments are observed to agree 
with the predictions the theory survives, and our 
confidence in it is increased; but if ever a new 
observation is found to disagree, we have to 
abandon or modify the theory, 

At least that is what is supposed to happen, 
but you can always question the competence of 
the person who carried out the observation, 

In practice, what often happens is that a new 
theory is devised that is really an extension of 
the previous theory, For example, very accurate 
observations of the planet Mercury revealed a 
small difference between its motion and the pre- 


dictions of Newton's theory of gravity. Einstein's 
general theory of relativity predicted a slightly 
different motion from Newton's theory. The fact 
that Einstein’s predictions matched what was seen, 
while Newton's did not, was one of the crucial 
confirmations of the new theory. However, we still 
use Newton's theory for all practical purposes 
because the difference between its predictions 
and those of general relativity is very small in 
the situations that we normally deal with 
(Newton's theory also has the great advantage 


that it is much simpler to work with than 
Einsteins!) 

The eventual goal of science is to provide a 
single theory that describes the whole universe. 
However, the approach most scientists actually 
follow is to separate the problem into two parts, 
First, there are the laws that tell us how the uni- 
verse changes with time. (If we know what the 
universe is like at any one time, these physical 
Jaws tell us how it will look at any later time.) 
Second, there is the question of the initial state 
of the universe. Some people feel that science 


should be concerned with only the first party 
they regard the question of the initial situation 
as a matter for metaphysics or religion. They 
would say that God, being omnipotent, could 
have started the universe off any way he want- 
ed. That may be so, but in that case he also 
could have made it develop in a completely arbi- 
trary way. Yet it appears that he chose to make 
it evolve in a very regular way according to cer- 


tain laws, It therefore seems equally reasonable 


to suppose that there are also laws governing the 
initial state, 

lt turns out to be very difficult to devise a 
theory to describe the universe all in one go. 
Instead, we break the problem up into bits and. 


Opposite: Milly Way looking toward the center of the 
galaxy in the constellation of Sagittarius 


invent a number of partial theories (Fig. 1.6). 
Each of these partial theories describes and 
predicts a certain limited class of observations, 
neglecting the effects of other quantities, or rep- 
resenting them by simple sets of numbers. It may 
be chat this approach is completely wrong. I 
everything in the universe depends on every- 
thing else in a fundamental way, it might be 
impossible to get close to a full solution by 
investigating parts of the problem in isolation, 


Nevertheless, it is certainly the way that we have 


made progress in the past. The classic example 
again is the Newtonian theory of gravity, which. 
tells us that the gravitational force between two. 
bodies depends only on one number associated 
with each body, its mass, bur is otherwise inde- 
pendent of what the bodies are made of. Thus 
one does not need to have a theory of the struc- 
ture and constitution of the sun and the planets 
in order to calculate their orbits. 

Today scientists describe the universe in 
terms of two basic partial theories — the general 
theory of relativity and quantum mechanics. 
They are the great intellectual achievements of 
the first half of this century. The general theory 
of relativity describes the force of gravity and 
the large-scale structure of the universe, that is, 
the structure on scales from only a few miles to 


as large as a million million million million 
(1 with twenty-four zeros after it) miles, the size 
of the observable universe. Quantum mechanics, 
on the other hand, deals with phenomena on. 
extremely small scales, such as a millionth of a 
millionth of an inch. Unfortunately, however, 
these two theories are known to be inconsistent 


with each other — they cannot both be correct. 
‘One of the major endeavors in physics today, 
and the major theme of this book, is the search 
for a new theory that will incorporate them both 
— a quantum theory of gravity. We do not yet 
have such a theory, and we may still be a long. 
way from having one, but we do already know 
many of the properties that it must have. And 
we shall see, in later chapters, that we already 
know a fair amount about the predictions a 
quantum theory of gravity must make, 

Now, if you believe that the universe is not 
arbitrary, but is governed by definite laws, you 
ultimately have to combine the partial theories, 
into a complete unified theory that will describe 
everything in the universe. But there is a funda- 
mental paradox in the search for such a com- 
plete unified theory. The ideas about scientific 
theories outlined above assume we are rational 
beings who are free to observe the universe as 
we want and to draw logical deductions from 


determine that we come to the right conclusions 
from the evidence? Might it not equally well 
determine that we draw the wrong conclusion? 
Or no conclusion at all 


The only answer that can give to this problem 


is based on Darwin’s principle of natural selection. 
The idea is that in any population of self-repro- 
ducing organisms, there will be variations in the 


genetic material and upbringing that different 


individuals have. These differences will mean 
that some individuals are better able than others 
to draw the right conclusions about the world 
around them and ro act accordingly. These indi 
viduals will be more likely to survive and repro- 


and 


ught will come ro dominate. Ir has certainly 


duce and so their pattern of behavior 


been true in the past that what we call intelli- 
gence and scientific discovery have conveyed a 
survival advantage. It is nor so clear that this is 
still the case: our scientific discoveries may well 
destroy us all, and even if they don't, a complete 
unified theory may not make much difference to 
our chances of survival. However, provided the 
universe has evolved in a regular way, we might 


expect that the reasoning abilities that natural 


selection has given us would be valid also in our 
search for a complete unified theory, and so 
would not lead us to the wrong conclusions. 


Because the partial theories that we already 


s computer 
ed imag 
‘event at particle 
level seen on the 
CERN 1.3 


detector screen. 


show 


have are sufficient to make accurate predictions 
in all bur the most extreme situations, the search 
for the ultimate theory of the universe seems dif- 
ficult ro justify on practical grounds, (It is worth 
noting, though, thar similar arguments could 
have been used against both relativity and quan 
tum mechanics, and these theories have given us 
both nuclear energy and the microelectronics 
revolution!) The discovery of a complete unified 
theory, therefore, may not aid the survival of 
our species. It may nor even affect our life-style 
But ever since the dawn of civilization, people 
have not been content to see events as uncon- 
nected and inexplicable. They have craved an 


understanding of the underlying order in the 


world. Today we still yearn to know why we are 
here and where we came from. Humanity’s 


deepest desire for knowledge is justification. 


enough for our continuing quest. And our goal 
is nothing less than a complete description of the 


2 


Space and Time 


UR preset IDEAS about the motion 
of bodies date back to Galileo and 
them people 


Newton. Before 


believed Aristotle, who said thar the natural 
stare of a body was to be at rest and that it 
moved only if driven by a force or impulse. Ir 
followed thar a heavy body should fall faster 
than a light one, because it would have a greater 
pull toward the earth. 

The Aristotelian tradition also held that one 


could work out all the laws thar govern the uni 


verse by pure thought: it was not necessary to 
check by observation. So no one until Galileo 


bothered to see whether bodies of different 


weight did in fact fall at different speeds. It is 


said that Galileo demonstrated that Aristotle's 


b hts from the 


was false by dropping w 


leaning tower of Pisa, The story is almost cer 


tainly untrue, but Galileo did do somethi 


equivalent: he rolled balls of different weights 
down a smooth slope (Fig. 2.1), The situation is 


similar to that of heavy bodies falling vertically 


(Fig. 2.2), but it is easier to observe because the 
peeds are smaller, Galileo's measurements indi 
cated that each body increased its speed at the 
same rate, no matter what its weight, For exam- 
ple, if you let go ofa ball on a slope that drops 
by one meter for every ten meters you go along, 
the ball will be traveling down the slope at a 


pued of about one meter per second after one 


Fi 


" 


Above right: Galileo Galilei (1564-1642), engraving by 
Passignani, Although Galileo 
Tower of Pisa probably neve 
first-hand observation changed 


experiment from the 
DON 


1 history of science 


occurred, his 


second, two meters 
per second after two 
seconds, and so on, 

however heavy 
the ball. Of 

course a lead 
weight would 
fall faster than a feather, but that is only because 


a feather is slowed down by air resistance. If one 


drops two bodies that don't have much air resis: 
tance, such as two different lead weights, they 


2.2). On the moon, 


fall at the same rate (Fig. 
where there is no air to slow things down, the 
astronaut David R. Scott performed the feather 
and lead weight experiment and found that 
indeed they did hit the ground at the same time 
(Fig. 2.3) 

Galileo's measurements were used by Newton 
as the basis of his laws of motion. In Galileo's 
experiments, as a body rolled down the slope it 
was always acted on by the same force (its 
weight), and the effect was to make it constantly 
speed up. This showed that the real effect of a 
force is always to change the speed of a body, 


rather than just to set it moving, as was previ- 


will accelerate, or change its speed, at a rate that 
is proportional to the force. (For example, the 
acceleration is twice as great if the force is twice 
as great.) The acceleration is also smaller the 
greater the mass (or quantity of matter) of the 
body. (The same force acting on a body of twice 


mass will produce half the acceleration.) A 
familiar example is provided by a car: the more 
powerful the engine, the greater the accelera- 
tion, bur the heavier the car, the smaller the 
acceleration for the same engine (Fig. 2.4). In 
addition to his laws of motion, Newton discov: 
ered a law to describe the force of gravity, which 
states that every body attracts every other body 
with a force that is proportional to the mass of 


Above: Fig. 2.3 On them 
tance, a feather and a lead weight fall at the same spee 
Fig. 2.4 The acce 
m a body, but it is smaller the greater the 
toh 


Wena thee aeons 


is larger the greater the 


mass of the bo ecelerate. 


ously thought, It also meant that whenever a 
body is not acted on by any force, it will keep on 
moving in a straight line at the same speed, This 


idea was first stated explicitly in Newton's 


Principia Mathematica, published in 1687, and 
is known as Newton’ first law. What happens 
to a body when a force does act on it is given by 


Newton's second law. This states thar the body 


each body. Thus the force berween two bodies 
would be twice as strong if one of the bodies 
(say, body A) had its mass doubled. This is what 
you might expect because one could think of the 
new body A as being made of two bodies with 
the original mass. Each would attract body B 
with the original force. Thus the total farce 
between A and B would be twice the original 
force. And if, say, one of the bodies had twice 
the mass, and the other had three times the 
mass, then the force would be six times as 
strong. One can now see why all bodies fall at 
the same rate: a body of twice the weight will 


have twice the force of gravity pulling it down, 


da 


Above: Fig. 2.5 If the force of gravity was le 
increased more rapidly with distance than Newton's 
theory predicts, the orbits of the planets around the 
sun would not be stable ellipses (A). Th 

fy away from the sun (C), or spiral in (B). 


y would either 


but it will also have twice the mass. According 
to Newton's second law, these two effects will 
exactly cancel each other, so the acceleration 
will be the same in alle 


Newton's law of gravity also tells us thar the 
farther apart the bodies, the smaller the force, 
Newton's law of gravity says that the gravita- 
tional attraction of a star is exactly one quarter 
that of a similar star at half the distance. This 
law predicts the orbits of the earth, the moon, 
at accuracy. If the law 


and the planets with gr 
were that the gravitational attraction of a star 
went down faster or increased more rapidly 


with distance, the orbits of the planets would 


Fig. 2.7 If B walked in a northerly 


avelimg at thirty malos an bo 

Pong player, A. The ball 
point of A. t 

ers apart. To the player 


ction at 5 mph 
ith at 5 mpb he would 
sbserver on the ground (A) 


mobile om a tram travelling 
appear to be at rest to the 
However, if he walked at the sami 


me spot, just as 
same. Ver A is also — to be travelling at 10 mph 
lanet earth and the ball 


‘would appear to an observer within t 


h (C) he would appear to the same observer 


have moved some thirty thousand m 


not be elliptical, they would either spiral in to 


the sun or escape from the sun (Fig. 2. 


The big difference between the ideas of 


Aristotle and those of Galileo and Newton is 
that Aristotle believed in a preferred state of 
rest, which any body would take up if it were 
not driven by some force or impulse. In particu 
lar, he thought thar the earth was at rest. Bur it 
follows from Newton's laws that there is no 
unique standard of rest, One could equally well 
say that bady A was at rest and body B was 
moving at constant speed with respect to body 


A, or that body B was at rest and body A was 


moving. For example, if one sets aside for a 
moment the rotation of the earth and its orbit 
round the sun, one could say that the earth was 
at rest and that a tram on it was traveling east at 


thirty miles per hour or that the tram was at rest 


and the earth was moving west at thirty miles 
per hour (Fig. 2.7). If one carried out experi 
ments with moving bodies on the tram, all 
Newton's laws would still hold, For instance, 
playing Ping-Pong on the tram, one would find 
that the ball obeyed Newton's laws just like a 
ball on a table by the track. So there is no way 
to tell whether it is the tram or the earth that is 
moving, 

The lack of an absolute standard of rest 
meant that one could nor determine whether 
events that took place at different times 
For 


occurred in the same position in space 
example, suppose our Ping-Pong ball on the 
train bounces straight up and down, hitting the 
table twice on the same spot one second apart 
To sc the two 


(Fig. 2.6) one on che track, 


bounces would seem to take place about thir 


teen meters apart, because the tram would have 
traveled thar far down the track between the 
bounces. 

‘The nonexistence of absolute rest therefore 
meant that one could not give an event an 


Aristotle had 


absolute position in space, as 
believed. The positions of events and the dis. 
tances between them would be different for a 
person on the tram and one on the track, and 
there would be no reason to prefer one person's 
positions to the other's, 

Newton was very worried by this lack of 
absolute position, or absolute space, as it was 
called, because it did not accord with his idea of 
an absolute God. In fact, he refused to accept 
lack of absolute space, even though it was 
implied by his laws, He was severely criticized. 
for this irrational belief by many people, most 
notably by Bishop Berkeley, a philosopher who. 
believed that all material objects and space and 
When the famous Dr 


Johnson was told of Berkeley's opinion, he 


cried, "I refute it thus!” and stubbed his toe on 
a large stone, 
and Newton believed in 


Both Aristotle 


absolute time. That is, they believed thar one 
could unambiguously measure the interval of 
time between two events, and that this time 


would be the same whoever measured it, pro: 


vided they used a good clock. Time was com- 
pletely separate from and independent of space. 
This is what most people would take to be the 
commonsense view. However, we have had to 
d rime, 


change our ideas about space 


Although our apparently commonsense notions 
work well when dealing with things like apples, 
or planets that travel comparatively slowly, they 
don’t work at all for things moving at or near 
the speed of light. 


The fact that light travels at a finite, but very 
high, speed was first discovered in 1676 by the 
Danish astronomer Ole Christensen Roemer. He 
observed that the times at which the moons of 
Jupiter appeared to pass behind Jupiter were not 
evenly spaced, as one would expectif the moons 
Went round Jupiter at a constant rate. As the 
earth and Jupiter orbit around the sun, the dis 
tance between them varies. Roemer noticed that 
eclipses of Jupiter's moons appeared later the 
farther we were from Jupiter. He argued that 
this was because the light from the moons took 
longer to reach us when we were farther away. 
His measurements of the variations in the dis- 
tance of the earth from Jupiter were, however, 
nor very accurate, and so his value for the speed 
of light was 140,000 miles per second, com: 


pared to the modern value of 186,000 miles per 


second. Nevertheless, Roemer’s achievement 


mot only proving that light travels at a finite 
speed, but also in measuring that speed, was 
remarkable — coming as it did eleven years 
before Newton's publication of Principia 
Mathematica 

A proper theory of the propagation of light 
didn't come until 1865, when the British physi- 
cist James Clerk Maxwell succeeded in unifying 
the partial theories that up to then had been 
used to describe the forces of electricity and 


Opposite: Ole Roemer’ transit instrument in bis 
Copenhagen house. Engraving from "Basis 
Astronomiae," 1735. 

Above: James Clerk Maxwell (1831-1879), 


magnetism. Maxwell’s equations predicted that 
there could be wavelike disturbances in the com- 
bined electromagnetic field, and that these 
would travel at a fixed speed, like ripples on a 
pond. If the wavelength of these waves (the dis- 
tance between one wave crest and the next) is a 
meter or more, they are what we now call radio. 


waves. Shorter wavelengths are known as 


microwaves (a few centimeters) or infrared 
(more than a ten thousandth of a centimeter) 
Visible light has a wavelength of between only 
forty and eighty millionths of a centimeter, Even 
shorter wavelengths are known as ultraviolet, X 
rays, and gamma rays. 

Maxwell's theory predicted that radio or 
light waves should travel at a certain fixed 
speed. But Newton's theory had got rid of the 
idea of absolute rest, so if light was supposed to 
travel ar a fixed speed, one would have to say 
what that fixed speed was to be measured rela- 
tive to. It was therefore suggested that there was 
a substance called the "ether? that was present 
everywhere, even in “empty” space. Light waves 
should travel through the ether as sound waves 
travel through air, and their speed should there- 
fore be relative to the ether. Different observers, 
moving relative to the ether, would see light 
coming toward them at different speeds, but 
lights speed relative to the ether would remain 
fixed. In particulas, as the earth was moving 
through the ether on its orbit round the sun, the 
speed of light measured in the direction of the 
earth's motion through the ether (when we were 
moving toward the source of the light) should be 
higher than the speed of light at right angles to 
that motion (when we are not moving toward 
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In 1887 Albert Michelson (who 
later became the first American to receive the 


the source), 


Nobel prize for physics) and Edward Morley 
carried out a very careful experiment at the Case 
School of Applied Science in Cleveland. They 
compared the speed of light in the direction of 
the earth’s motion with that at right angles to. 
the earth's motion, To their great surprise, they 
found they were exactly the same! 

Between 1887 and 1905 there were several 
attempts, most notably by the Dutch physicist 
Hendrik Lorentz, to explain the result of the 
Michelson-Morley experiment in terms of 
objects contracting and clocks slowing down 
when they moved through the ether, However, 
in a famous paper in 1905, a hitherto unknown 
clerk in the Swiss patent office, Albert Einstein, 
pointed out that the whole idea of an ether was 


unnecessary, providing 


abandon the idea of 
absolute time. A similar 


point was made a few 
weeks later by a leading 
French. mathematician, 
Henri 


Poincaré. Ein- 


steins arguments were 
JB closer to physics than 
those of Poíncaré, who regarded this problem as 


mathematical, Einstein is usually given the cred- 


it for the new theory, bur Peine. 


bered by having his name attached to an impor- 
tant part of it 

The fundamental postulate of the theory of 

relativity, as it was called, was thar the laws of 

science should be the same for all freely moving 

observers, no matter what their 

This was 


true dor 


speed, 
Newton's laws of motion, but 
now the idea was extended 
to include Maxwell's theory 
and the speed of light: all 


observers should mea: 


sure the same speed of 
light, no matter how 


fast they are moving. 


Opposite left: Albert Abraham Michelson (1852-1931), 
Opposite right: Edward Morley (1838-1923) 

Left Jules Henri Poincaré (1854-1912), 

Above: Albert Einstein (1879-1955), Germany 1920, 

This simple idea has some remarkable conse 


quences. Perhaps the best known are the equiva- 


lence of mass and energy, summed up in 
Einstein's famous equation E=me? (where E is 
energy, m is mass and c is the speed of light), and 


the law that nothing may travel faster than the 


speed of light. Because of the equivalence of 
ergy and mass, the energy which an object has 


due to its motion will add to its mass. In other 


words, it will make it harder to increase its 
speed. This effect is only really significant for 
objects moving at speeds close to the speed of 
light, For example, at 10 percent of the speed of 
light an object’s mass is only 0.5 percent more 
than normal, while at 90 percent of the speed of 


fight it would be more than twice its normal 


mass. As an object approaches the speed of 
light, its mass rises ever more quickly, so it takes 
more and more energy to speed it up further. It 
can in fact never reach the speed of light, 
because by then its mass would have become 
infinite, and by the equivalence of mass and 
energy, it would have taken an infinite amount 
of energy to get it there. For this reason, any 
normal object is forever confined by relativity to. 
move at speeds slower than the speed of light. 
Only light, or other waves that have no intrinsic 
mass, can move at the speed of light. 

‘An equally remarkable consequence of rela- 
tivity is the way it has revolutionized our ideas 
of space and time, In Newton’s theory, if a pulse 
of light is sent from one place to another, differ- 
ent observers would agree on the time that the 


journey took (since time is absolute), but will 


not always agree on how far the light traveled 
(since space is not absolute). Since the speed of 
the light is just the distance it has traveled divid- 
ed by the time it has taken, different observers 
would measure different speeds for the light. In 
relativity, on the other hand, all observers must 
agree on how fast light travels. They still, how- 
ever, do not agree on the distance the light has 
traveled, so they must therefore now also dis- 
agree over the time it has taken. (The time taken 
is the distance the light has traveled — which 
the observers do not agree on — divided by the 
light’s speed — which they do agree on.) In 
other words, the theory af relativity put an end 
to the idea of absolute time! It appeared that 
each observer must have his own measure of 
time, as recorded by a clock carried with him, 
and that identical clocks carried by different 
observers would not necessarily agree 

Each observer could use radar to say where 
and when an event took place by sending out a 
pulse of light or radio waves. Part of the pulse is 


reflected back at the event and the obs 


erver 


measures the time at which he receives the echo. 


‘The time of the event is then said to be the time 
halfway between when the pulse was sent and 


the time when the reflection was received bach 
the distance of the event is half the time taken 
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Fig. 2.8 Time is measured vertically. and the distance 
from the observer is measured horizontally. The 
‘observer's path through space and time is shown. 
vertical line on the left. The paths of the pulse 
from the event are the diagonal lines. 


um 
o and 


for this round trip, multiplied by the speed of 
light. (An event, in this sense, is something thar 
takes place at a single point in space, at a speci- 
fied point in time.) This idea is shown in Fig, 


2,8, which is an example of a space-time dia- 


gram. Using this procedure, observers who are 
moving relative to each other will assign differ- 
ent times and positions to the same event. No 
particular observers measurements are any 
but all 
the measurements are related. Any observer can 


more correct than any other observer's 


work out precisely what time and position any 
other observer will assign to an event, provided 
he knows the other observer's relative velocity. 
Nowadays we use just this method to mea- 
sure distances precisely, because we can measure 
time more accurately than length, In effect, the 
meter is defined to be the distance traveled by 
light in 0.000000003335640952 seconds, as 
measured by a cesium clock. (The reason for 
that particular number is that it corresponds to. 
the historical definition of the meter — in terms. 
of two marks on a particular platinum bar kept 
in Paris.) Equally, we can use a more convenient, 
econd, This is 


simply defined as the distance that light travels 


new unit of length called a light- 


in one second. In the theory of relativity, we 
now define distance in terms of time and the 
speed of light, so it follows automatically that 
every observer will measure light to have the 
same speed (by meter per 
0.000000003335640952 seconds). There is no 
need to introduce the idea of an ether, whose 


definition, 1 


presence anyway cannor be detected, as the 
Michelson-Morley experiment showed, The 


theory of relativity does, however, force us to 


change fundamentally our ideas of space and 
time, We must accept that time is not complete- 
ly separate from and independent of space, but 
is combined with it to form an object called 
space-time. 

It is a matter of common experience that one 
can describe the position of a point in space by 
three numbers, or coordinates, For instance, one 
can say that a point in a room is seven feet from. 
one wall, three feet from another, and five feet 
above the floor. Or one could specify that a 


point was ara certain latitude and longitude and. 


a certain height above sea level. One is free to. 
use any three suitable coordinates, although 
they have only a limited range of validity. One. 
would not specify the position of the moon in. 
terms of miles north and miles west of Piccadilly 
Circus and feet above sea level. Instead, one 
might describe it in terms of distance from the 
sun, distance from the plane of che orbits of the 
planets, and the angle between the line joining 
the moon to the sun and the line joining the sun 
to a nearby star such as Alpha Centauri. Even 
these coordinates would not be of much use in 
describing the position of the sun in our galaxy 
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we 


or the position of our galaxy in the local group 
of galaxies. In fact, one may describe the whole 
universe in terms of a collection of overlapping, 
patches. In each patch, one can use a different 
set of three coordinates to specify the position of 
a point. 

An event is something that happens at a par- 
ticular point in space and at a particular time. 
So one can specify it by four numbers or coor- 
dinates. Again, the choice of coordinates is arbi- 
trary; one can use any three well-defined spatial 
coordinates and any measure of time. In relativ- 
ity, there is no real distinction between the space 
and time coordinates, just as there is no real dif- 
ference between any two space coordinates. One 
could choose a new set of coordinates in which, 
say, the first space coordinate was a combina- 
tion of the old first and second space coordi- 
nates. For instance, instead of measuring the 
position of a point on the earth in miles north of 
Piccadilly and miles west of Piccadilly, one could 
use miles northeast of Piccadilly, and miles 


northwest of Piccadilly. Similarly, in relativity, 
one could use a new time coordinate that was 
the old time (in seconds) plus the distance (in 
light-seconds) north of Piccadilly. 

It is often helpful to think of the four coordi- 


mates of an event as spe 


fying its position in a 


four-dimensional space called space-time. It is 
impossible to imagine a four-dimensional space. 
1 personally find it hard enough to visualize 
three-dimensional space! However, it is easy to 
draw diagrams of two-dimensional spaces, such 
as the surface of the earth. (The surface of the 
earth is two-dimensional beeause the position of 
a point can he specified by two coordinates, lat- 
itude and longitude.) I shall generally use dia- 
‘grams in which time increases upward and one 
of the spatial dimensions is shown horizontally. 
The other two spatial dimensions are ignored or, 
sometimes, one of them is indicated by perspec- 
tive, (These are called space-time diagrams, like 
Fig. 2,8.) For example, in Fig. 2.9 time is mea- 
sured upwards in years and the distance along 
the line from the sun to Alpha Centauri is mea- 
sured horizontally in miles, The paths of the sun 
and of Alpha Centaui 
shown as the vertical lines on the left and right 


through space-time are 


of the diagram, A ray of light from the sun fol- 
lows the diagonal line, and takes four years to 


get from the sun to Alpha Centauri. 


Fig. 29 Space-time diagram showing a light signal 
diagonal line) going from the sun to Alpha Centauri. 
The paths of the sun and Alpha Centauri through space- 
time are straight lines. 
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As we have seen, Maxwell's equations pre- 
dicted that the speed of light should be the same 
whatever the speed of the source, and this has 
been confirmed by accurate measurements. le 
follows from this that if a pulse of light is emit- 
ted at a particular time at a particular point in 
space, then as time goes on it will spread out as 
a sphere of light whose size and position are 
independent of the speed of the source, After 
one millionth of a second the fight will have 
spread out ro form a sphere with a radius of 300 
meters; after two millionths of a second, the 


Distance rom sun (n 1.0000900001000% of mies) 


radius will be 600 meters; and so on. It will be. 
of 


a pond when a stone is thrown in. The ripples 


like the ripples that spread our on the surfa 


spread out as a circle that gets bigger as time 
goes on. If one stacks snapshots of the ripples at 
different times one above the other, the expand- 
ing circle of ripples will mark out a cone whose 
tip is at the place and rime at which the stone hit 


the water (Fig. 2.10). Similarly, the light spread- 


ing out from an event forms a (three-dimension- 


K al) cone in (the four-dimensional) space-time. 


This cone is called the future light cone of the 
event. In the same way we can draw another 
Tine cone, called the past light cone, which is the set 
of events from which a pulse of light is able to. 
reach the given event (Fig. 2.11). 
Given an event P, one can divide the other 


au events in the universe into three classes. Those 


Above: Fig, 2.10 A space-time diagram showing ripples 
spreading on the surface of a pond. The expanding cir- 


clo of npples makes a come in space-time of two space 
directions and one time direction. 

Below: Fig. 2.11 The path of a pulse of light from an 

event P forms a cone in space-time called "tbe future 

light cone of P.” Similarly, "the past light cone of P” is 

the path of rays of light that will pass through the event 


Space P. The too light cones divide space-time into the future, 
As the past and the elsewhere of P. 


Fig, 2.11 
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events that can be reached from the event P by a 
particle or wave traveling at or below the speed 
of light are said to be in the furure of P. They 
will lie within or on the expanding sphere of 
light emitted from the event P. Thus they will lie 
within or on the future light cone of P in the 
space-time diagram. Only events in the future of 
P can be affected by what happens at P because 
nothing can travel faster than light. 
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Above: Fig. 2.12 Space-time diagram showing bow long 
we would have to wait to know that the sun bas died. 


Similarly, the past of P can be defined as the 
set of all events from which ir is possible to 
reach the event P traveling at or helow the speed 
of light. It is thus the set of events that can 
affect what happens at P. The events that do not 
Jie in the future or past of P are said to lie in the 


of P. What happens ai 


nts can neither affect nor be 


hat happens at P. For example, if 


present time because they would be in the 
here of the event when the sun went out 
2.12). We would know about it only after 


the time it takes light to reach us 
un. Only then would events on earth 

nt at which 
Similarly, we do nor know 


in the universe: the light that we see 


lions of years ago, and in the case of the 


most distant object that we have seen, the 


light left some eight thousand million years 


ago. Thus, when we look at the universe, we 
are seeing it as it was in the past 

f one neglects gravitational effects, as 
Einstein and Poinearé did in 1905, one has 


+ light cone (the set of all possible paths of light 


in space-time emitted at that event), and since 
the speed of light is the same at every event and 
in every direction, all the light cones will be 


identical and will all point in the same direction 


Fig. 2.14 


Fig. 2.15 


Fig. 2.14 Bodies with a mass of their own move slower 
th 

future light cone 
Fig. 2.15 On thee 
between two points on what is called a great circle 


e speed of light. Thus their paths lie within 


arth, a geodesic is the shortest route 


(Fig. 2.13). The theory also tells us that nothing 
can travel faster than light. This means that the 
path of any object through space and time must 
be represented by a line that lies within the light 
cone at each event on it (Fig. 2.14), The special 
theory of relativity was very successful in 
explaining that the speed of light appears the 
observers (as shown by the 


same to all 


Michelson-Morley experiment) and in describ- 
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ing what happens when things move at speeds 
close to the speed of light, However, it was 
inconsistent with the Newtonian theory of grav- 
ity, which said that objects attracted each other 
with a force that depended on the distance 
between them. This meant that if one moved 
one of the objects, the force on the other one 
would change instantaneously. Or in other 
words, gravitational effects should travel with 
infinite velocity, instead of at or below the speed 
of light, as the special theory of relativity 
required. Einstein made a number of unsuccess 
ful attempts between 1908 and 1914 to find a 


theory of gravity that was consistent with special 


dimensional curved space. A geodesic on the 


earth is called a great circle, and is the shortest 


oute between two points (Fig 2.15). As the geo 


always follow straight lines im four 
dimensional space-time, but they nevertheless 
appear to us to move along curved paths in our 


three-dimensional space. (This is rather like 


ground 


watching an airplane flying over h 


"S 


dimensional space, its shadow follows a curve 


Earth (C) to hav en a different di DJ 


relativity. Finally, in 1915, he proposed what we The mass of the sun curves space-time in 
now call the general theory of relativity such a way that although the earth follows a 

Einstein made the revolutionary suggestion straight path in four-dimensional space-time, it 
that gravity is not a force like other forces, but — appears to us to move along a circular orbit i 


is a consequence of the fact that space-time is three-dimensional space. In fact, the orbits of 


had been previous! 


umed: it isthe planets predicted by general relativity are 


ion of almost exactly the same as those predicted by 
mass and energy in it. Bodies like the earth are the Newtonian theory of gravity. However, in 
not made to move on curved orbits by a force the case of Mercury, which, being the nearest 
called gravity; instead, they follow the nearest — planet to the sun, feels the strongest gravitation: 


thing to a straight path in a curved space, which — al effects, and has a rather elongated orbit, gen: 
is called 


»desic. A geodesic is the sh 


est (or eral relativity predicts that the lon; 


ellipse should rotate about the sun at a rare of 
about one degree in ten thousand years. Small 
though this effect is, it had been noticed before 
1915 and served as one of the first confirma- 
tions of Einstein's theory, In recent years the 
even smaller deviations of the orbits of the other 


planets from the Newtoni: 


predictions have 
been measured by radar and found to agree with 
the predictions of general relativity. 

Light rays too must follow geodesics in 
space-time. Again, the fact that space is curved 
means that light no longer appears to travel in 
straight lines in space. So general relativity pre- 
dicts that light should be bent by gravitational 
fields. For example, the theory predicts that the 
light cones of points near the sun would be 
slightly bent inward, on account of the mass of 
the sun, This means that light from a distant star 
that happened to pass near the sun would be 
deflected through a small angle, causing the star 
to appear in a different position to an observer 
on the earth (Fig. 2.16), OF course, if the light 
from the star always passed close to the sun, we 
would not be able to tell whether the light was 
being deflected or if instead the star was really 
where we see it, However, as the earth orbits 


around the sun, different stars appear to pass 


behind the sun and have their light deflected. 
They therefore change their apparent position 
relative to other stars. 

It is normally very difficult to see this effect, 
because the light from the sun makes it impos- 
sible to observe stars that appear near to the sun 
in the sky, However, it is possible to do so dur- 
ing an eclipse of the sun, when the sun's light is 
blocked out by the moon. Einstein's prediction 


of light deflection could not be tested immedi 
ately in 1915, because the First World War was 
in progress, and it was not until 1919 that a 
British expedicion, observing an eclipse from 
West Africa, showed that light was indeed 
deflected by the sun, just as predicted hy the the- 
ory. This proof of a German theory by British. 
scientists was hailed as a great act of reconcilia- 
tion between the two countries after the war. le 
is ironic, therefore, that later examination of the 
photographs taken on that expedition showed 
the errors were as great as the effect they were 
trying 10 measure, Their measurement had been 
sheer luck, or a case of knowing the result they 


wanted to get, not an uncommon occurrence in 


science. The light deflection has, however, been 
accurately confirmed by a number of later 


observations, 


o the earth, is found to run 


Another prediction of general relativity is 
that time should appear to run slower near a 
massive body like the earth. This is because 
there is a relation between the energy of light 
aud its frequency (that is, the number of waves 
of light per second): the greater the energy, the 


higher the frequency. As light travels upward i 
the earth’s gravitational field, it loses energy, 
and so its frequency goes down. (This means 
that the length of time between one wave erest 
and the next goes up.) To someone high up, it 
would appear that everything down below was 
taking longer to happen. This prediction was 
tested in 1962, using a pair of very accurate 
clocks mounted at the top and bottom of a 
water tower (Fig. 2.17). The clock at the bor 
tom, which was nearer the earth, was found to 
run slower, in exact agreement with general rel 
ativity. The difference in the speed of clocks ar 
different heights above the earth is now of con. 
siderable practical importance, with the advent 
of very accurate navigation systems based on 
signals from satellites. If one ignored the predic 
tions of general relativity, the position that one 
calculated would be wrong by several miles! 
Newton's laws of motion put an end to the 


idea of absolute position in space. The theory of 


relativity gets rid of absolute time, Consider a 


pair of twins. Suppose that one twin goes to live 


on the top of mountain while the other stays 
at sea level. The first twin would age faster than 


the second. Thus, if they met again, one would 


be older than the other, In this ease, the differ 


ence in ages would be very small, but it would 
be much larger if one of the twins went for a 
long trip in a spaceship at nearly the speed of 
light. When he returned, he would be much 
younger than the one who stayed on earth. This 
is known as the twins paradox, but it is a para 
dox only if one has the idea of absolute time at 
the back of one’s mind, In the theory of relativ 


ity there is no unique absolute time, but instead. 


each individual has his own personal measure of 
time that depends on where he is and how he is 
moving. 

Before 1915, space and time were thought of 


as a fixed arena in which events took place, but 


which was not affected by what happened in it 
This was true even of the special theory of rela: 
and 


tivity, Bodies moved, forces attracted 


repelled, but time and space 


unaffected, It was natural to think that space 
and time went on forever 


The situation, however, is quite different in 


the general theory of relativity, Space and time 
are now dynamic quantities: when a body 
moves, or a force acts, it affects the curvature of 
space and time — and in turn the structure of 
space-time affects the way in which bodies move 
and forces act, Space and time nor only affect 
bur also are affected by everything that happens. 
in the universe, Just as one cannor talk about 
events in the universe without the notions of 
space and time, so in general relativity it became 
meaningless to talk about space and time out- 
side the limits of the universe. 

In the following decades this new under- 
standing of space and time was to revolutionize 
our view of the universe. The old idea of an 
essentially unchanging universe that could have 
existed, and could continue to exist, forever was 
replaced by the notion of a dynamic, expanding, 
universe thar seemed to have begun a finite time 
ago, and that might end at a finite time in the 
future. That revolution forms the subject of the 
next chapter, And years later, it was also to be 
the starting point for my work in theoretical 
R 


Einstein's general theory of relativity implied 


physics, Roger Penrose and I showed that 


that the universe must have a beginning and, 
possibly, an end. 
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The Expanding Universe 


less night, the brightest objects one seesare — the naked eye lie within a few hundred light 


I E ONE LOOKS AT THE SKY on a clear, moon- — miles. Most of the other stars that are visible to. 


likely to be the planets Venus, Mars, — years of us. Our sun, for comparison, is a mere 


Jupiter, and Saturn. There will also be a eight light-minutes away! The visible stars 


very large number of stars, which are appear spread all over the night sky, 


just like our own sun but much but are particularly concentrated 
in one band, which we call the 
Milky Way. As long ago as 


1750, some astronomers were 


farther from us. Some of these 
fixed stars do, in fact, appear to 
change very slightly their posi- 
tions relative to each other as suggesting that the appearance 
of the Milky Way could be 


explained if most of the visible 


the earth orbits around the sun 


they are not really fixed ar all! This 


is because they are comparatively stars lie in a single disklike configura- 
near to us. As the earth goes round the sun, tion, one example of what we now call a 
we sce them from different positions against the — spiral galaxy. Only a few decades later, the 
background of more distant stars (Fig. 3.1). This astronomer Sir William Herschel confirmed this 
is fortunate, because it enables us to measure — idea by painstakingly cataloging the positions 
directly the distance of these stars from us: the and distances of vast numbers of stars. Even so, 


nearer they are, the more they appear to move. — the idea g 


ed complete acceptance only early 


The nearest star, called Proxima Centauri, is this century 
found to be about four light-years away (the Our modern picture of the universe dates 


light from it takes about four years to reach back to only 192: 


when the American astro: 


earth), or about twenty-three million million nomer Edwin Hubble demonstrated that ours 
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ce ® e 


many others, with vast tracts of empty spa 


between them. In order to prove this, he needed 


to determine the distances to these other galax 
ies, which are so far away that, unlike nearby 
stars, they really do appear fixed, Hubble was 
forced, therefore, to use indirect methods to 


brightness of a star depends 


Convers k 


and hr 


us to measures therefore, he argued, if we found 
such stars in another galaxy, we could assume 
that they had the same luminosity —and so cal 


culate the distance to thar galaxy. If we could do 


this for a number of stars in the same galaxy, 


and our calculations always gave the same dis 


tance, we could be fairly confident of our esti 
Edwin Hubble worked out the 


We 


In this way, 


distances to nine different galaxies. We now 


know thar our galaxy is only one of some hun 


dred thousand million that can be seen using 
modern telescopes, each galaxy itself containing 
some hundred thousand million stars (Fig. 3.3) 
The inset on page 46 shows a picture of one spi 
laxy that is similar t 


We live 
hundred thousand h 


galaxy in a galaxy that is about one 


slowly rotating; the stars in its spiral arms orbit 


around its center about once every several hun 
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Fig. 3.3, From the lef 
duendred thon: 

the Milky Way, The Milky Way i 
galaxies in the Le The L 


Our sun is just o 


the one 
alay, 


Ic 


oup, in urn, 


nds 


and clus 


"of 


dred million years, Our sun is just an ordinary, 


average-sized, yellow star, near the inner edge of 


one of the spiral arms (Fig. 3.2). We have cer 


tainly come a long way since Aristotle and 


Ptolemy, when we thought that the earth was 


the center of the universe! 


Stars are so far away that they appear to us 


to be just pinpoints of light. We cannot see their 
size or shape. So how can we tell different types 
of stars apart? For the vast majority of stars, 


there is only one characteristic feature that we 


can observe — the color of their light. Newton 
discovered that if light from the sun passes 
through a triangular-shaped piece of glass, 


called a prism, it breaks up into its component 


«colors (its spectrum) as in a rainbow. 
By focusing a telescope on an indi 
vidual star or galaxy, one can simi 
larly observe the spectrum of the 
light from that star or galaxy 
Different stars have different spectra, 
but the relative brightness of the dif- 
ferent colors is always exactly what 
‘one would expect to find in the light 
emitted by an object that is glowing 
red hot. (In fact, the light emitted by 
any opaque object that is glowing 


red hot has a characteristic spectrum 


that depends only on its temperature 
— a thermal spectrum. This means that 
we can tell a star's temperature from the spec: 
trum of its light.) Moreover, we find that certain 
very specific colors are missing from stars’ spec 
tra, and these missing colors may vary from star 
to star. Since we know that each chemical ele 
ment absorbs a characteristic set of very specific 
colors, hy matching these to those that are miss- 
ing from a star's spectrum, we can determine 
exactly which elements are present in the star's 
atmosphere. 

In the 1920s, when astronomers began to 


look at the spectra of stars in other galaxies, 


they found something most peculiar: there were 


ao used a prise te, break white 


the same characteristic sets of missing colors as 
for stars in our own galaxy, but they were all 
shifted by the same relative amount toward the 


red e To understand. the 


1 of the spectrum. 


implications of this, we must firse understand 


the Doppler effect. As we have seen, visible light 
consists of fluctuations, or waves, in the electro- 
magnetic field. The wavelength (or distance 
from one wave crest to the next) of light is 
extremely small, ranging from four to seven ten: 
millionths of a metre, The different wavelengths 
of light are what the human eye sees as different 
colors, with the longest wavelengths appearing 
at the red end of the spectrum and the shortest 


wavelengths at the blue end. Now imagine a 


source of light at a constant distance from us, 


such as a star, emitting waves of light ar a con: 


stant wavelength (Fig. 34a). Obviously the 
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wavelength of the waves we receive will be the 
same as the wavelength at which they are emit- 
ted (the gravitational field of the galaxy will not 
be large enough to have a significant effect) 
Suppose now thar the source starts moving 
toward us, When the source emits the next wave 
crest it will be nearer to us, so the distance 


between wave crests will be smaller than wher 


the star was stationary. This means that the 


than when the star was stationary 
Correspondingly, if the source is moving away 
from us, the wavelength of the waves we receive 
will be longer. In the case of light, therefore, this 
means that stars moving away from us will have 
their spectra shifted toward the red end of the 
spectrum (red-shifted) and those moving toward 


us will have their spectra blue-shifted. This rela 


Fig. 34a 


Fig. 34b 
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tionship between wavelength and speed, which 


is called the Doppler effect, is an everyday expe- 
rience, Listen to a car passing on the road: as the 
car is approaching, its engine sounds at a higher 
pitch (corresponding to a shorter wavelength 
and higher frequency of sound waves), and 
when it passes and goes away, it sounds at a 
lower pitch (Fig. 3.5). The behavior of light or 


Fig. 3a A star that is stationary with respect to the 
earth radiates light at a fixed wavelength — the same 


wavelength that we observe, If the star is moving away 
from us, the distance between wave crests is increased, 
and we will perceive its spectrum as shifted to the red. 
Fig. 3.4b The full spectrum of light covers a much wider 
range of wavelengths than those we are able to observe, 
They extend from the very short, such as gamma rays, 
to the very long, such as radio waves 


Sound wave 


ga 


=f. 
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Fig. 3.5 


Warelengih 


Fig. 345 The Doppler shift is a property of all types of 
ates, from sound to electromagnetic waves. Who 


emitter such as an ambulance siren travels towards an 
observer, the teaves shift toa higher frequency. As it moves 
ary from the recever the waves shift 1o a lower frequency: 


ake 
use of the Doppler effect to measure the speed of 


radio waves is similar. Indeed, the police 


cars by measuring the wavelength of pulses of 
radio waves reflected off them, 

In the years following his proof of the exis- 
tence of other galaxies, Hubble spent his time 
cataloging their distances and observing their 
spectra, At that time most people expected the 
galaxies to be moving around quite randomly, 
and so expected to find as many blue-shifted 
spectra as red-shifted ones, It was quite a sur- 
prise, therefore, to find that most galaxies 


appeared red-shifted: nearly all were moving 
away from us! More surprising still was the 
finding that Hubble published in 1929: even the 
size of a galaxy's red shift is nor random, but is 
directly proportional to the galaxy's distance 
from us. Or, in other words, the farther a galaxy 


is, the faster it is moving away! And that meant 


that the universe could not be static, as everyone 
previously had thought, but 


in fact expanding; 
the distance between the different galaxies is 
growing all the time. 

The discovery thar the universe is expanding 
was one of the great intellectual revolutions of 
the twentieth century. With hindsight, itis easy 
to wonder why no one had thought of it before 
New 


static universe would soon start to contract 


on, and others, should have realized that a 


under the influence of gravity. Bur suppose 


instead that the universe is expanding. If it was 
expanding fairly slowly, the force of gravity 
would cause it eventually to stop expanding and 
then to start contracting, Howev 


if it was 


expanding at more than a certain critical rate, 
gravity would never be strong enough to stop it, 
and the universe would continue to expand for- 
ever, This is a bit like what happens when one 
fires a rocket upward from the surface of the 
earth. If it has a fairly low speed, gravity will 
eventually stop the rocket and it will start falling 
back. On the other hand, if the rocket has more 
than a certain critical speed (about seven miles 
per second) gravity will not be strong enough to 
pull it back, so it will keep going away from the 
earth forever. This behavior of the universe 
could have been predicted from Newton's theo: 


ty of gravity at any time in the nineteenth, the 
eighteenth, or even the late seventeenth cen- 
turies. Yer so strong was the belief in a static 
universe that it persisted into the early twentieth 
century, Even Einstein, when he formulated the 
general theory of relativity in 1915, was so sure 
thar the universe had to be static that he modi- 
fied his theory to make this possible, introduc- 
ing a so-called cosmological constant into his 


equations. Einstein introduced a new "antigray- 


ity" force, which, unlike other forces, did not 
come from any particular source but was built 
into the very fabric of space-time. He claimed 
thar space-time had an inbuilt tendency to 
expand, and this could be made to balance 
exactly the attraction of all the matter in the uni- 
verse, so that a static universe would result. 
Only one man, it seems, was willing to take gen- 


Hubble's discovery, Friedmann predicted exact 
ly what Hubble found! 

The assumption that the universe looks the 
same in every direction is clearly not true in 


reality: For example, as we have seen, the other 


stars in our galaxy form a distinct band of light 
across the night sky, called the Milky Way. But 
if we look at distant galaxies, there seems to be 
more or less the same number of them. So the 
universe does seem to be roughly the same in 
every direction, provided one views it on a large 
scale compared to the distance between galax- 
ies, and ignores the differences on small scales, 
For a long time, this was sufficient justification 
for Friedmann's assumption — as a rough 
approximation to the real universe. Bur more 
recently a lucky accident uncovered the fact that 
Friedmann’s assumption is in fact a remarkably 
accurate description of our universe, 

In 1965 two American physicists at the Bell 
Telephone Laboratories in New Jersey, Arno 
Penzias and Robert Wilsor 
ctor, (Microwaves are 


were resting a very 
sensitive microwave det 
just like light waves, but with a wavelength of 
around a centimetre.) Penzias and Wilson were 
worried when they found that their detector 
was picking up more noise than it ought to. The 


noise did not appear to be coming from any 
particular direction. First they discovered bird 


droppings in their detector and checked for 
other possible malfunctions, but soon ruled 
these out. They knew that any noise from with- 
in the atmosphere would be stronger when the 
detector was not pointing straight up than when 
it was, because light rays travel through much 
more atmosphere when received from near the 
horizon than when received from directly over- 
head. The extra noise was the same whichever 
direction the detector was pointed, so it must 
come from outside the atmosphere. It was also. 
the same day and night and throughout the 
5 even though the earth was rotating on its 


axis and orbiting around the sun. This showed 
that the radiation must come from beyond the 
Solar System, and even from beyond the galaxy, 
as otherwise it would vary as the movement of 
earth pointed the detector in different direc- 
tions, 

In fact, we know that the radiation must have 
traveled to us across most of the observable uni- 
verse, and since it appears to be the same in dif- 
ferent directions, the universe must also be the 
same in every direction, if only on a large scale. 
We now know that whichever direction we look, 
this noise never varies by more than a tiny frac- 
tion: so Penzias and Wilson had unwittingly stum- 
bled across a remarkably accurate confirmation of 


Friedmann's first assumption. However, because 
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like a balloon beme 
inflated, Points om the surface of the balloon move 
ap 


Fig 3.6 The expanding universe 


t but none of them s the center of expansion. 


the universe is nor exactly the same in every 
direction, bur only on average on a large scale, 
the microwaves cannot be exactly the same in 
every direction either. There have to be slight 
variations between different directions. These 
were first detected in 1992 by the Cosmic 
Background Explorer satellite, or COBE, at a 
level of about one part in a hundred thousand. 
Small though these variarions are, they are very 
important, as will be explained in Chapter 8. 

Ar roughly the same time as Penzias and 
Wilson were investigating noise in their detector, 
two American physicists at nearby Princeton 
University, Bob Dicke and Jim Peebles, were also 
taking an interest in microwaves. They were 
working on a suggestion, made by George 


Gamow (once a student of Alexander 


Friedmann), that the early universe should have 
been very hot and dense, glowing white hot. 


Dicke and Peebles argued thar we should still be 


able to see the glow of the early universe, 
because light from very distant parts of it would 
only just be reaching us now. However, the 
expansion of the universe meant that this fight 
should be so greatly red-shifted that it would 
appear to us now as microwave radiation, Dicke 
and Peebles were preparing to look for this radi- 
ation when Penzias and Wilson heard about 
their work and realized thar they had already 
found it. For this, Penzias and Wilson were 
awarded the Nobel prize in 1978 (which seems 
a bit hard on Dicke and Peebles, not to mention 
Gamow!) 

Now at first sight, all this evidence that the 
universe looks the same whichever direction we 
look in might seem to suggest there is something, 


special about our place in the universe. In pa 


ticular, it might seem that if we observe all other 
galaxies to be moving away from us, then we 
must be at the center of the universe, There is, 
however, an alternate explanation: the universe 
might look the same in every direction as seen 
from any other g 


axy, too. This, as we have 


seen, was Fried 


n's second assumption. We 


have no scientific evidence for, or against, this 
assumption. We believe it only on grounds of 
modesty: it would be most remarkable if the 


erse looked the same in every direction 
around us, bur not around other points in the 
universe! In Friedmann's model, all the galaxies 
are moving directly away from each other. The 
situation is rather like a balloon with a number 


of spots painted on it being steadily blown up. 
As the balloon expands, the distance between 


any two spots increases, but there is no spor thar 


can be said to be the center of the expansion 
(Fig. 3.6). Moreover, the farther apart the spots 


are, the faster they will be moving apart. 


Similarly, in Friedmann's model the speed at 
which any two galaxies are moving apart is pro- 
portional to the distance between them. So it 
predicted that the red shift of a galaxy should be 
directly proportional to its distance from us, 
exactly as Hubble found. Despite the success of 
his model and his prediction of Hubble's obser- 
vations, Friedmann's work remained largely 
unknown in the West until similar models were 
discovered in 1935 by the American physicist 
Howard Robertson and the British mathemati- 
cian Arthur Walker, in response to Hubble's dis- 


covery of the uniform expansion of the uni 
Although Friedmann found only one, there 
are in fact three different kinds of models that 
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Fig. 3.7 In Friedmanm model of the universe all the 
galaxies are initially moving away from each other. The 
universe expands until it reaches a maximum size and 


then contracts back to a point, 


ob 
tions. In the first kind (which Friedmann found) 


Friedmann’s two fundamental assump- 


the universe is expanding sufficiently slowly that 


the gravitational attraction between the differ- 


ent galaxies causes the expansion to slow down 


and eventually ro stop. The galaxies then start to 


move toward each other and the universe con- 


tracts. Fig. 3.7 shows how the distance between 


two neighboring galaxies changes as time 
increases, It starts at zero, increases to a maxi- 
mum, and then decreases to zero again, In the 
second kind of solution, the universe is expand- 


Fig. 3.8 


Bebang ra 
Fig. 3.9 
Big bang me 


ing so rapidly that the gravitational attraction 
can never stop it, though it does stow it down a 
bit. Fig. 3.8 shows the separation between 
neighboring galaxies in this model. It starts at 
zero and eventually the galaxies are moving, 
apart at a steady speed. Finally, there is a third. 
kind of solution, in which the universe is 


expanding only just fast enough to avoid recol- 
lapse. In this case the separation, shown in Fig. 
3,9, also starts at zero and increases forever. 
However, the speed at which the galaxies are. 
moving apart gets smaller and smaller, although. 
it never quite reaches zero. 

A remarkable feature of the first kind of 
Friedmann model is that in it the universe is not 
infinite in space, but neither does space have any 
boundary. Gravity is so strong that space is bent 
round onto itself, making it rather like the sur- 
face of the earth. If one keeps traveling in a cer- 
tain direction on the surface of the earth, one 
never comes up against an impassable barrier or 
falls over the edge, but eventually comes back to 


Fig. 3.8 In the “open” model of the universe, gravity 
never overcomes the motion of the galaxies and the uni- 
verse keeps expanding forever. 

Fig, 3.9 In the "flat" model of the universe, the gravita- 
tional attraction exactly balances the motion of the 
galaxies. The universe avoids recollapse while the 
‘motion of the galaxies gets smaller and smaller, but 
never quite comes to rest, 


where one started. In the first Friedmann mode 


space is just like this, but with three dimensions 
instead of two for the earth's surface, The fourth 
dim 

like a 


ning and an end, We shall see later that when one 


nsion, time, is also finite in extent, but it is 


line with two ends or boundaries, a begin 


combines general relativity with the uncertainty 
principle of quantum mechanics, it is possible for 
both space and time to be finite without any 
edges or boundaries, 

The idea that one could go right round the 
universe and end up where one started makes. 
good science fiction, but it doesn't have much 
practical significance, because it can be shown 
that the universe would recollapse to zero size 


before one could get round. You would need to. 


travel faster than light in order to end up where 
you started before the universe came to an end — 
and that is not allowed! 

In the first kind of Friedmann model, which 
expands and recollapses, space is bent in on itself, 
like the surface of the earth. It is therefore finite 
in extent. In the second kind of model, which 
expands forever, space is bent the other way, like 
the surface of a saddle. So in this case space is 


infinite, Finally, in the third kind of Friedmann 


model, with just the critical rate of expansion, 


space is flat (and therefore is also infinite), 
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Bur which Friedmann model describes our 
universe? Will the universe eventually stop. 
expanding and start contracting, or will it 
expand forever? To answer this question we 
need to know the present rate of expansion of 
the universe and its present average density: IF 
the density is less than a certain critical value, 
determined by the rate of expansion, the gravi- 
tational attraction will be roo weak to halt the 
expansion. If the density is greater than the erit- 
ical value, gravity will stop the expansion at 


some time in the future and cause the universe to. 


recollapse. 
We can determine the present rate of expan- 
sion by measuring the velocities at which other 


galaxies are moving away from us, using the 


Doppler effect. This can be done very accurate- 


ly. However, the distances to the galaxies are nor 
very well known because we can only measure 
them indirectly. So all we know is thar the uni- 


expanding by between 5 percent and 10 
percent every thousand million years. However, 
‘our uncertainty about the present average densi- 
ty of the universe is even greater. If we add up 
the masses of all the stars that We can see in our 
galaxy and other galaxies, the total is less than 


one hundredth of thi 


nount required to halt 
the expansion of the universe, even for the low- 


est estimate of the rate of expansion, Our galaxy 
and other galaxies, however, must contain a 
large amount of “dark matter” that we cannot 
see directly, but which we know must be there 
because of the influence of its gravitational 
attraction on the orbits of stars in the galax- 

ies. Moreover, most galaxies are 
found in clusters, and we can 
similarly infer the presence of 
yet more dark matter in 
between the galaxies in 
these clusters by its effect 
on the motion of the 
galaxies, When we add up 

all this dark matter, we still 
get only about one tenth of 
the amount required to halt the 
expansion, However, we cannot 
exclude the possibility that there might be 

some other form of matter, distributed almost 
uniformly throughout the universe, that we have 
not yet detected and that might still raise the 
average density of the universe up to the critical 
value needed to halt the expansion. The present 
evidence therefore suggests that the universe will 


probably expand forever, but all we can really 


be sure of is that even if the universe is going to 


recollapse, it won't do so for at least another ten 


thousand million years, since it has already been 
expanding for at least that long. This should not 
unduly worry us: by that time, unless we have 
colonized beyond the Solar System, mankind 
will long since have died our, extinguished along 
with our sunt 

All of the Friedmann solutions 
have the feature that at some 
time in the past (between ten 
and twenty thousand mil 
lion years ago) the dis 
tance between neighbor 
ing galaxies must have 
been zero. At that time 
which we call the big bang, 
the density of the universe 


and 


would have been infinite, 


the curvature of space 

Because mathematics cannot really han 
die infinite numbers, this means that the general 
theory of relativity (on which Friedmann’ solu: 
tions are based) predicts thar there is a point in 
the universe where the theory itself break 
down. Such a point is an example of what math: 
ematicians calla singularity. In fact, all our the 
aries of science are formulated on the assump 
tion that space-time is smooth and nearly flat, so 


they break down at the big bang singularity, 


> 
a em 


N "n 


where the curvature of space-time is infinite 


This means that even if there were events before. 


the big bang, one could nor use them to deter 
mine what would happen afterward, hecause 
predictability would break down at the big 
bang 


as is the case, we know 


Corresponding! 


only what has happened since the big bang, we 


could not determine what happened before 


hand, As far as we are concerned, events before 
the big bang can have no consequences, so they 


hould not form part of a scientific model of the 


universe. We should therefore cut them out of 
the model and say that time had a beginning at 
the big bang, 

Many people do not like the idea thar time 
has a beginning, probably because it smacks of 
divine intervention. (The Catholic Church, on 


the other hand, seized on the big bang model 


From left to right: 
yle, Thomas Gold, 
mann Bondi, the 
‚pers of the steady 
state theory. Subsequent 
observations did not 
support the theory 
although Hayle believes 


ve obs 


d 


were misinterpre 


io uphold it. 


and in 1951 officially pronounced it to be in 
accordance with the Bible.) There were there 
fore a number of attempts to avoid the conclu 
sion that there had been a big bang. The pro- 
posal that gained widest support was called the 
steady state theory. It was suggested in 1948 by 
Austria, 


two refugees from Nazi-occupied 


Hermann Bondi and Thomas Gold, together 
with a Briton, Fred Hoyle, who had worked 


with them on the development of radar during 


the war. The idea was that as the galaxies moved 
away from each other, new galaxies were con 
tinually forming in the gaps in between, from 
new matter that was being continually created 
3.) 


(Fig, The universe would therefore look 


roughly the same at all times as well as at all 
points of space, The steady state theory required 
a modification of general relativity to allow for 


the continual creation of matter, but the rate 


that was involved was so low (about one parti- 
cle per cubic kilometer per year) that it was not 
in conflict with experiment, The theory was a 
good scientific theory, in the sense described in 
Chapter 1: it was simple and it made definite 
predictions that could be tested by observation 
One of these predictions was that the number of 
galaxies or similar objects in any given volume 
of space should be the same wherever and when 
ever we look in the universe. In the late 1950s 
and early 1960s a survey of sources of radio 
waves from outer space was carried out at 
Cambridge by a group of astronomers led by 
Martin Ryle (who had also worked with Bondi, 
Gold, and Hoyle on radar during the war). The 
Cambridge group showed that most of these 
radio sources must lie outside our galaxy 
(indeed many of them could be identified with 


other galaxies) and also that there were many 


Fig, 3.11 


more weak sources than strong ones. They inter- 
preted the weak sources as being the more dis- 
tant ones, and the stronger ones as being nearer, 
Then there appeared to be less common sources 
per unit volume of space for the nearby sources 
than for the distant ones, This could mean that 
we are at the center of a great region in the uni 
verse in which the sources are fewer than else: 
where. Alternatively, it could mean that the 
sources were more numerous in the past, at the 
time that the radio waves left on their journey to. 
us, than they are now. Either explanation con: 
tradicted the predictions of the steady state the 
ory. Morcover, the discovery of the microwave 
radiation by Penzias and Wilson in 1965 also 
indicated that the universe must have been much 
denser in the past, The steady state theory there 
fore had to be abandoned. 

Another attempt to avoid the conclusion that 


there must have been a big bang, and therefore 
a beginning of time, was made by two Russian 
Lifshitz and Isaac 


scientists, Evgeni 


Khalarnikov, in 1963. They suggested that rhe 
big bang might be a peculiarity of Friedmann's 
models alone, which after all were only approx 
imations to the real universe. Perhaps, of all the 
models that were roughly like the real universe 
only Friedmann's would contain a big bang sin. 


gularity. In Friedm 
all moving directly away from each other — so 
it is not surprising that at some time in the past 


they were all at the same place, In the real uni 


directly away from each other — they also have 
small sideways velocities, So in reality they need 
never have been all at exactly the same place 
only very close together. Perhaps then the cur 
rent expanding universe resulted not from a bi 
bang singularity, but from an earlier contracting 
phase; as the universe had collapsed the particle 
in it might not have all collided, but had flown 
past and then away from each other, producing 
the present expansion of the universe, How then 
could we tell whether the real universe should 


ith a big bang? What Lifshitz 


have started 


and Khalatnikoy did was to study models of the 


models but took account of the irregularities 


mathematician Ri 


fat Oxford 


and random velocities of galaxies in the real uni 
verse, They showed that such models could start 
with a big bang, even though the galaxies were 
no longer always moving directly away from 
each other, bur they claimed that this was still 
only possible in certain exceptional models in 
which the galaxies were all moving in just the 
They 


right way ied that since there seemed 


to be infinitely more Friedmann-like models 


without a big bang singularity than there were 
with one, we should conclude that there had not 
in reality been a big bang. They later realized, 
however, that there was a much more general 
class of Friedmann-like models that did have 
singularities, and in which the galaxies did not 
have to be moving any special way. They there- 
fore withdrew their claim in 1970. 

The work of Lifshitz and Khalatnikov was 


valuable because it showed that the universe 
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could have had a singularity, a big bang, if the 
general 
However 


theory of relativity was correct 
it did not resolve the crucial question: 


Does general relativity predict that our universe 
should have had a big bang, a beginning of 
time? The answer to this came out of a com- 
pletely different approach introduced by a 
British mathematician and physicist, Roger 
Penrose, in 1965, Using the way light cones 
behave in general relativity, together with the 
fact that gravity is always attractive, he showed 
that a star collapsing under its own gravity is 
trapped in a region whose surface eventually 
shrinks to zero size. And, since the surface of the 
region shrinks to zero, so too must its volume. 
All the matter in the star will be compressed into 
a region of zero volume, so the density of mat- 
ter and the curvature of space-time become infi- 
nite, In other words, one has a singularity con- 
tained within a region of space-time known as a 
black hole (Fig. 3.12A). 

At first sight, Penroses result applied only to 
stars; it didn't have anything to say about the 
question of whether the entire universe had a big 
bang singularity in its past. However, at the time 
that Penrose produced his theorem, I was a 
research student desperately looking for a prob- 
lem with which to complete my Ph.D. thesis. Two 
years before, I had been diagnosed as suffering 


Fig. 3.12 The expansion of the universe from the big 


bang ts like the time reverse of the collapse of a 


a singularity in a black 


from ALS, commonly known as Lou Gehrig's 
disease, or motor neurone disease, and given to 
understand that I had only one or two more 
years to live. In these circumstances there had 
not seemed much point in working on my Ph.D. 
— 1 did not expect to survive that long. Yer two 
years had gone by and | was not that much 
worse. In fact, things were going rather well for 
me and I had gotten engaged to a very nice gi 


Jane Wilde, Bur in order to get married, 1 need 
ed a job, job, I needed a 
Ph.D. 


In 1965 1 read about Penrose’s theorem that 


id in order to get a 
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any body undergoing gravitational collapse 
must eventually form a singularity. I soon real- 
ized that if one reversed the direction of time in 
Penrase's theorem, so that the collapse became 
an expansion, the conditions of his theorem 
would still hold, provided the universe were 
roughly like a Fried mann model on large scales 
at the present time. Penrose’s theorem had 
shown that any collapsing star must end in a 
singularity; the time-reversed argument showed 
that any Friedmann-like expanding universe 
must have begun with a singularity, For techni- 
cal reasons, Penrose's theorem required that the 
universe be infinite in space, So I could in fact 
use it to prove that there should be a singularity 
only if the universe was expanding fast enough 
to avoid collapsing again (since only those 
Friedmann models were infinite in space). 
During the 


xt few years I developed new 
mathematical techniques ro remove this and 
other technical conditions from the theorems 
that proved that singularities must occur: The 
final result was a joint paper by Penrose and 
myself in 1970, which at last proved that there 
must have been a big bang singularity provided 
only that general relativity is correct and the 
universe contains as much matter as we observe. 


There was a lot of opposition to our work, part- 


ly from the Russians because of their Marxist 
belief in scientific determinism, and partly from 
people who felt thar the whole idea of singular 
ities was repugnant and spoiled 
the beauty of Einstein's theory 
However, one cannot really argue 
with a mathematical theorem, So 
in the end our work became gener- 
ally accepted and nowadays nearly 
everyone assumes that the universe 
started with a big bang singularity 
It is perhaps ironic that, having 
changed my mind, Lam now try- 


ing to convince other physicists 


that there was in fact no singulari- 
ty at the beginning of the universe 


— as we shall see later, it can dis 


appear once quantum effects are 
taken into account, 

We have seen in this chapter 
how, in less than half a century, man's view of 
the universe, formed over millennia, has been 
transformed. Hubble's discovery that the uni 
verse was expanding, and the realization of the 
insignificance of our own planet in the vastness 
of the universe, were just the starting point. As 


N evidence mounted, 


experimental and theore 


it became more and more clear that the universe 


Stephen Hawking at his 
Oxford gradution in 1962, 


must have had a beginning in time, until in 1970 
this was finally proved by Penrose and myself, 
om the basis of Einstein's general theory of rela- 
tivity. That proof showed that gen- 
eral relativity is only an incomplete 
theory: it cannot tell us how the 
universe started off, because it pre- 
diets that all physical theories, 
including itself, break down at the 
beginning of the universe, 
However, general relativity claims 
to be only a partial theory, so what 
the singularity theorems really 
show is chat there must have been 
a time in the very early universe 
when the universe was so small 


that one could no longer ignore the 


small-scale effects of the other 
great partial theory of the twenti- 
eth century, quantum mechanics, 
Ar the start of the 1970s, then, we were forced 
to turn our search for an understanding of the 
universe from our theory of the extraordinarily 
vast to our theory of the extraordinarily tiny. 
That theory, quantum mechanics, will be 
described next, before we turn to the efforts to 
combine the two partial theories into a single 


quantum theory of gravity 


The Uncertainty Principle 


HE success OF sclENTIFIC THEORIES, — world, but it remained the standard assumption 
particularly Newton's theory of gravity, — of science until the early years of this century 
led the French scientist the Marquis de One of the first indications that this belief would 


eginning of the nineteenth cen- have ro be abandoned came when calculations 


tury to argue that the universe was by the British scientists Lord Rayleigh 


completely deterministic. Laplace and Sir James Jeans suggested that 


suggested that there should be a a hot object, or body, such as a 
set of scientific laws that would star, must radiate energy at an 
allow us ta predict everything infinite rate. According to the 
that would happen in the uni laws we believed at the time, a 
verse, if only we knew the hot body ought to give off 
complete state of the universe electromagnetic waves. (such 
at one time. For example, if we as radio waves, visible light, or 
knew the positions and speeds of X rays) equally at all frequencies. 


s at one time, For example, a hot body should 


then we could use Newton's laws to radiate the same amount of energy in 
calculate the state of the Solar System at any waves with frequencies between one and two 
other time. Determinism seems fairly obvious in million million waves a second as in waves with 
this case, but Laplace went further to assume that frequencies between two and three million mil- 
there were similar laws governing everything else, — lion waves a second, Now since the number of 
including human behavior. waves a second is unlimited, this would mean 

The doctrine of scientific determinism was — that the total energy radiated would be infinite 
strongly resisted by many people, who felt that In order to avoid this obviously ridiculous. 


it infringed God's freedom to intervene in the — result, the German scientist Max Planck sug. 
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Fig. 4.1 


Low frequency quanta 
With low energy 


Wave-packet 
pi High frequency quanta 


with high energy 


Ime 


gested in 1900 that light, X rays, and other 
waves could not be emitted at an arbitrary rate, 
but only in certain packets that he called quan- 
ta. Moreover, each quantum had a certain 
amount of energy that was greater the higher the 
frequency of the waves, so at a high enough fre- 
quency the emission of a single quantum would 
require more energy than was available. Thus 
the radiation ar high frequencies would be 
reduced, and so the rate at which the body lost 
energy would be finite. 

The quantum hypothesis explained the 
observed rate of emission of radiation from hot 
bodies very well, but its implications for deter- 
minism were not realized until 1926, when 
another German scientist, Werner Heisenberg, 
formulated his famous uncertainty principle, In 
onder to predict the future position and velocity 
of a particle, one has to be able to measure its 
Opposite: Pierre Simon Laplace (1749-1827) 

Fig. 4.1 Max Planck suggested that light came only in 


packets or quanta which were wave trains with an ener- 
ay proportional to their frequency. 


E x 


Big. 4.2 


lengths of ight disturb the 
velocity of the particle mons 
thon do lower frequencies 


The longer the vielen 


y The shorter the wivelenath of 
light used to observe the particle light used to observe the particle 
‘the greater the uncertainty in t Y greater the certainty of ts 
position but the greater the positon but the greater the. 
certainty of ts velocity The observer Uncertainty of t velocty 


e: 


The uncertanty Nor smaller 
than Planck 


Right: Werner Heisenherg (1901-1976) is best oun. 
for his uncertainty principle, which stats that it ts 
impossible to determine exactly bot 
the velocity of a partiele at 
memorative com in the equation, in Fig. 4.3 above, illus- 
trating this principle, bears the bead of Max Planck. 


the position and 


same moment. The com 


present position and velocity accurately, The 
obvious way to do this is to shine light on the 


particle (Fig. 4.2). Some of the waves of light 


will be scattered by the particle and this will 
indicate its position. However, one will not be 
able to determine the position of the particle 
more accurately than the distance between the 


wave crests of light, so one needs to use light of 


a short wavelength in order to measure the posi- 


tion of the particle precisely. Now, by Planck's 
quantum hypothesis, one cannot use an arbi 
trarily small amount of light; one has to use at 
least one quantum. This quantum will disturb 
the particle and change its velocity in a way that 
cannot he predicted, Moreover, the more accu: 
rately one measures the position, the shorter the 


wavelength of the light that one needs and hence 
the higher the energy of a single quantum, So 
the velocity of the particle will be disturbed by a 
larger amount, In other words, the more accu- 


rately you try to measure the position of the par- 


ticle, the less accurately you can measure its 


speed, and vice versa. Heisenberg showed that 


the uncertainty in the position of the part 
times the uncertainty in its velocity times the 
mass of the particle can never be smaller than a 
certain quantity, which is known as Planck's 
constant (Fig. 4.3), Moreover, this limit does not 


depend on the way in which one tries to me; 


sure the position or velocity of the particle, or 
‘on the type of particle: Heisenberg’s uncertainty 
principle is a fundamental, inescapable property 
of the world, 

The unce: 
implications for the way in which we view the 


ainty principle had profound 


world. Even after more than fifty years they 


have not been fully appreciated by many 
philosophers, and are still the subject of much 


controversy. The uncertainty principle signaled 


an end to Laplace's dream of a theory of science, 
a model of the universe that would be complete 
ly deterministic: one certainly cannot predict 


future events exactly if one cannot even measure 


nt state of the universe precisely! We 


the pres 
could still imagine that there is a set of laws that 
determines events completely for some super- 
natural being, who could observe the present 
state of the universe without disturbing it 
However, such models of the universe are not of 
much interest to us ordinary mortals. It seems 
better to employ the principle of economy 
known as Occam's razor and cut out all the fea- 
tures of the theory that cannot be observed. This 


approach led Heisenberg, Erwin Schrödinger, 


and Paul Dirac in the 1920s to reformulate 
mechanics into a new theory called quantum 
mechanics, based on the uncertainty principle. 


Erwin Schrödinger (1887-1961) 


In this theory particles no longer had separate, 
well-defined positions and velocities that could 
not be observed. Instead, they had a quantum 
state, which was a combination of position and 
velocity. 

In general, quantum mechanics does not pre- 
dict a single definite result for an observation. 
Instead, it predicts a number of different possi- 
ble outcomes and tells us how likely each of 
these is, That is to say, if one made the same 
measurement on a large number of similar sys- 
tems, each of which started off in the same way 
one would find that the result of the measure- 
ment would be A in a certain number of cases, 
B in a different number, and so on. One could 
predict the approximate number of times that 
the result would be A or B, but one could not 
predict the specific result of an individual mea- 
surement. Quantum mechanics therefore intro- 
duces an unavoidable element of unpredictabili- 
ty or randomness into science. Einstein objected 
to this very strongly, despite the important role 
he had played in the development of these ideas. 
Einstein was awarded the Nobel prize for his 
theless, 


contribution to quantum theory, New 
Einstein never accepted that the universe was 
governed by chance; his feelings were summed 


up in his famous statement “Gad does not play 
dice.” Most other scientists, however, were will- 
ing to accept quantum mechanics because it 
agreed perfectly with experiment. Indeed, it has 
been an outstandingly successful theory and 
underlies nearly all of modern science and tech- 
nology. It governs the behavior of transistors 
and integrated circuits, which are the essential 
components of electronic devices such as televi- 
sions and computers, and is also the basis of 
modern chemistry and biology. The only areas 
of physical science into which quantum mechan- 
ies has not yet been properly incorporated are 
gravity and the large-scale structure of the uni- 

Although light is made up of waves, Planck's 
quantum hypothesis tells us that in some ways it 
behaves as iF it were composed of particles: it 
can be emitted or absorbed only in packets, or 
quanta. Equally, Heisenberg's uncertainty prin- 
ciple implies that particles behave in some 
respects like waves: they do not have a definite 
position but are “smeared out” with a certain 
probability distribution. The theory of quantum. 
mechanics is based on an entirely new type of 
mathematics that no longer describes the real 
world in terms of particles and waves; it is only 


et of waves may coincide with the 
troughs of the other set. The two sets of waves 
then cancel each other out (Fig, 4:4) rather than 
adding up to a stronger wave as one might 
expect (Fig. 4.5). A familiar example of interfer 
ence in the case of light is the colors that are 
often seen in soap bubbles, These are caused by 


ht from the two sides of the thin 


film of water forming the bubble. White light 


dark 
lits add 


The sereen. Similar 


Fig. 4.6 Tivo slits produce a pattern of light a 

nis th 

cancel ont a different parts 
with particles such as ele 

owing that they behave ike w 


fringes. The re tt waves from the two 


fringe patterns are obtain 


consists of light waves of all different wave- 
lengths, or colors, For certain wavelengths the 
crests of the waves reflected from one side of the 
soap film coincide with the troughs reflected 
from the other side. The colors corresponding to 
these wavelengths are absent from the reflected 
light, which therefore appears to be colored. 
Interference can also occur for particles, 
because of the duality introduced by quantum. 
mechanics. A famous example is the so-called 
two-slit experiment (Fig. 4.6). Consider a parti- 
tion with two narrow parallel slits in it. On one 
side of the partition one places a source of light 
of a particular color (that is, of a particular 
wavelength). Most of the light will hit the parti- 
tion, but a small amount will go through the 
slits. Now suppose one places a screen on the far 
side of the partition from the light. Any point on 
the screen will receive waves from the two slits. 
However, in general, the distance the light has to 
travel from the source to the screen via the two 
ll be different. This will mean that the 
waves from che slits will not be in phase with 


slits 


each other when they arrive at the screen: in 
some places the waves will cancel each other 
out, and in others they will reinforce each other. 
The result is a characteristic pattern of light and 
dark fringes. 


The remarkable thing is that one gets exactly 
the same kind of fringes if one replaces the 
source of light by a source of particles such as 
electrons with a definite speed (this means that 
the corresponding waves have a definite length). 
lt seems the more peculiar because if one only 
has one slit, one does not get any fringes, just a 
uniform distribution of electrons across the 
screen. One might therefore think that opening 
another slit would just increase the number of 
electrons hitting each point of the screen, but, 
because of interference, it actually decreases it in 
some places. If electrons are sent through the 
slits one at a time, one would expect each to 
pass through one slit or the other, and so behave 
just as ifthe slit it passed through were the only 
one there — giving a uniform distribution on the 


screen. In reality, however, even when the elec- 
trons are sent one at a time, the fringes still 
appear, Each electron, therefore, must be pass 
ing through both slits at the same time! 

The phenomenon of interference between 
particles has been crucial to our understanding 
of the structure of atoms, the basic units of 
chemistry and biology and the building blocks 
out of which we, and everything around us, are 
made, At the beginning of this century it was 
thought that atoms were rather like the planets 
orbiting the sun, with electrons (particles of neg- 
ative electricity) orbiting around a central nucle- 
us, which carried positive electricity. The attrac- 
tion between the positive and negative electric 
ty was supposed to keep the electrons in their 
orbits in the same way that the gravitational 
attraction berween the sun and the planers keeps 
the planets in their orbits (Fig. 4.7-2). The trou: 
ble with this was that the laws of mechanics and 
electricity, before quantum mechanics, predicted 
that the electrons would lose energy and so spi: 
ral inward until they collided with the nucleus. 
This would mean that the atom, and indeed all 
matter, should rapidly collapse to a state of very 
high density. A partial solution to this problem 
was found by the Danish scientist Niels Bohr in 
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1913, He suggested that maybe the electrons 
were not able to orbit at just any distance from 
the central nucleus but only at certain specified 
distances. If one also supposed that only one or 
two electrons could orbit ar any one of these dis- 
tances, this would solve the problem of the col- 
lapse of the atom, because the electrons could 
nor spiral in any farther than to fill up the orbits 
with the least distances and energies. 

This model explained quite well the structure 
of the simplest atom, hydrogen, which has only 
one electron orbiting around the nucleus, But it 
was not clear how one ought to extend it to 
more complicated atoms. Moreover, the idea of 
a limited set of allowed orbits seemed very arbi- 
trary. The new theory of quantum mechanics 
resolved this difficulty. It revealed that an elec- 
tron orbiting around the nucleus could he 
thought of as a wave, with a wavelength that 
depended on its velocity. For certain orbits, the 
length of the orbit would correspond to a whole 
number (as opposed to a fractional number) of 
wavelengths of the electron, For these orbits the 
wave crest would be in the same position each 
time round, so the waves would add up: these 
orbits would correspond to Bohrs allowed 
orbits, However, for orbits whose lengths were 


Ld 


Fig. 4.8 In Richard Feynman's theory of sum over histo- 
ries, a particle in space-time would go from A to B by 
every possible path. 


not a whole number of wavelengths, each wave 
crest would eventually be canceled out by a 
trough as the electrons went round; these orbits 
would not be allowed. 

A nice way of visualizing the wave/particle 
duality is the so-called sum over histories intro- 
duced by the American scientist Richard 


Feynman, In this approach the particle is nor 
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supposed to have a single history or path in. 
space-time, as it would in a classical, nonguan- 
tum theory. Instead it is supposed to go from A 
to B by every possible path (Fig. 4.8). With each 
path there are associated a couple of numbers: 
one represents the size of a wave and the other 
represents the position in the cycle (ies, whether 
it is at a crest or a trough]. The probability of 
going from A to B is found by adding up the 
waves for all the paths. In general, if one com- 
pares a set of neighboring paths, the phases or 
positions in the cycle will differ greatly. This 


means that the waves associated with these 
paths will almost exactly cancel each other out. 
However, for some sets of neighboring paths the 
phase will not vary much between paths. The 
waves For these paths will not cancel out, Such 
paths correspond to Bohr allowed orbits 

With these ideas, in concrete mathematical 
form, it was relatively straightforward to calcu- 
late the allowed orbits in more complicated 
atoms and even in molecules, which are made 
up of a number of atoms held together by elec- 
trons in orbits that go round more than one 
nucleus, Since the structure of molecules and 
their reactions with each other underlie all of 
chemistry and biology, quantum mechanics 
allows us in principle to predict nearly every- 
thing we see around us, within the limits set by 
the uncertainty principle. (In practice, however, 
the calculations required for systems containing 
more than a few electrons are so complicated 
that we cannot do them.) 

Einsteins general theory of relativity seems 
to govern the large-scale structure of the un 
verse. It is what is called a classical theory; that 


is, it does not take account of the uncertainty 


a 


principle of quantum mechanics, as it should for 
consistency with other theories. The reason that 
this does not lead to any discrepancy with obser- 
vation is that all the gravitational fields that we 
normally experience are very weak, However, 
the singularity theorems discussed earlier indi- 
cate that the gravitational field should get very 
strong in at least two situations, black holes and 
the big bang. tn such strong fields the effects of 
quantum mechanics should be important. Thus, 
in a sense, classical general relativity, by predict- 
ing points of infinite density, predicts its own 
downfall, just as classical (that is, nonquantum) 
mechanics predicted its downfall by suggesting 
that atoms should collapse to infinite density. 
We do nor yet have a complete consistent theo- 
ry that unifies general relativity and quantum 
mechanics, but we do know a number of the fea- 
tures it should have. The consequences that 
these would have for black holes and the big, 
bang will be described in later chapters. For the 
moment, however, we shall turn to the recent 
attempts to bring together our understanding of 
the other forces of nature into a single, unified 


quantum theory. 
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Elementary Particles and the Forces of Nature 


RISTOTLE se 


ter in the universe was made up of 


four basic elements — earth, air, fire, 


and water, These elements were acted on by two. 


forces: gravity, the tendency for earth and water 


10 sink, and levity, the tendency for air and fire 


to rise, This division of the contents of the uni. 
verse into matter and forces is still used today 
Aristotle believed tha 


us, that is, one could divide a piece of matter 


nto smaller and smaller bits without any limit; 
one never came up against a grain of matter that 
sould not be divided further, A few Greeks, how 


ever, such as Democritus, held that matter was 


inherently grainy and that everything was made 


s of various different kinds of 


up of large numb 


Greek.) For centuries the argument continued 
without any real evidence on either side, bur in 
1803 the British chemist and physicist John 
Dalton pointed out that the fact that chemical 
compounds always combined in certain propor 
tions could be explained by the grouping togeth 


er of atoms to form units called molecules. 


However, the argument between the two schools. 


of thought was not finally settled in favor of the 


atomists until the early years of this century 
One of the important pieces of physical evidence 
was provided by Einstein. In a paper written in 
1905, a few weeks before the famous paper on 
special relativity, Einstein pointed out that what 
was called Brownian motion — the irregular, 
random motion of small particles of dust sus 
pended in a liquid — could be explained as the 
effect of atoms of the liquid colliding with the 
dust particles (Fig, 5.1) 

By this time there were already suspicions 
that these atoms were not, after all, indivisible 
Several years previously a fellow of Trinity 
College, Cambridge, J. J. Thomson, had demon- 
strated the existence of a particle of matter 
called the electron, that had a mass less than one 
thousandth of that of the lightest atom, He used 
a set up rather like a modern TV picture tube: a 
red-hot metal filament gave off the electrons, 
these have electric 


and because a negative 


charge, an electric field could be used to acceler 


Far left: Joseph Je 
An English physicist, Thomson is eredited with av 
ing discovered the electron. 
Left: Ernest Rutherford (1871-1937), from a 

taken while he was at McGill University 


v Thomson (1856 -1940) 


ate them toward a phosphor-coated sereen. 
When they hit the screen, flashes of light were 
generated, Soon it was realized that these elec- 
trons must be coming from within the atoms 
themselves, and in 1911 the British physicist 
Ernest Rutherford finally showed that the atoms 
of matter do have internal structure: they are 
made up of an extremely tiny, positively charged 
nucleus, around which a number of electrons 
orbit, He deduced this by analyzing the way in 
which alpha-particles, which are positively 
charged particles given off by radioactive atoms, 
are deflected when they collide with atoms, 

At first it was thought that the nucleus of the 
atom was made up of electrons and different 
numbers of a positively charged particle called 
the proton, from the Greek word meaning 
"first," because it was believed to be the funda 
mental unit from which matter was made 
However, in 1932 a colleague of Rutherford's at 
Cambridge, James Chadwick, discovered that 


the nucleus contained another particle, called 
the neutron, which had almost the same mass as 
Chadwick 
and 
and Caius 


a proton but no electrical charge 


received the Nobel prize for his discovery 


was elected Master of Gonville 


College, Cambridge (the college of which 1 am 


now a fellow). He later resigned as Master 


because of disagreements with the Fellows, 


There had been a bitter dispute in the college 
ever since a group of young Fellows returning 
after the war had voted many of the old Fellows 


out of the college offices they had held for a long 


time. This was before my time; I joined the col 
lege in 1965 at the rail end of the bitterness, 
when similar disagreements forced another 


Nobel-prize-winning Master, Sir Nevill Mott, to 
Up to about thirty years ago, it was thought 
elementary” 


that protons and neutrons were 


particles, but experiments in which protons 


were collided with other protons or electrons at 
high speeds indicated thar they were in fact 
made up of smaller particles, These particles 
were named quarks by the Caltech physicist 
Murray Gell-Mann, who won the Nobel prize in 
1969 for his work on them. The origin of the 
name is an enigmatic quotation from James 
Joyce: “Three quarks for Muster Mark!” The 


word quark is supposed to be pronounced like 


Sir James Chadwick 
(1891-1974), 
Head of the British 
atomic bomb project 
during the Second 
World War, Chadwick 
is best remembered for 
bis discovery of t 
neutron, for whieh 
received the Nobel 
prize in 1935, 


quart, but with a k at the end instead of a t, but 

is usually pronounced to rhyme with lark 
There are a number of different varieties of 

quarks: there are six “flavors,” which we call 


up, down, strange, charmed, bottom, and top. 
The first three fa 


1960s but the charmed quark was discovered 


‘ors had been known since the 


only in 1974, the botto 


in 1995, 


n in 1977, and the top 


Each flavor comes in three “colors, 


red, green, and blue. (It should be emphasized 
that these terms are just labels: quarks are much 
smaller than the wavelength of visible light and 
so do not have any color in the normal sense. It 
is just that modern physicists seem to have more 
imaginative ways of naming new particles and 
phenomena — they no longer restrict themselves 
to Greek!) A proton or neutron Is made up of 


three quarks, one of each color. A proton con- 


Fig. 53 The neutron conssts The proton consis of tw 
ark with electrical charge, and one 
a total own quark with -1/3 


tains two up quarks and one down quark; a 
neutron contains two down and one up (Fig. 
5.3). We can create particles made up of the 
other quarks (strange, charmed, bottom, and 
top), but these all have a much greater mass and 
decay very rapidly into protons and neutrons 
(Figs. 5.4 and 5.5) 

We now know that neither the atoms nor the 
protons and neutrons within them are indivisi 
ble. So the question is: What are the truly ele- 
mentary particles, the basic building blocks 
from which everything is made? Since the wave 
length of light is much larger than the size of an 


atom, we cannot hope to “look” at the parts of 
an atom in the ordinary way. We need to use 
something with a much smaller wavelength. As 
we saw in the last chapter, quantum mechanics 


tells us thar all particles are in fact waves, and 


Charmed 
quark 


Bottom 


quark 


that the higher the energy of a particle, the 
smaller the wavelength of the corresponding 
wave. So the best answer we can give to our 
question depends on how high a particle energy 
we have at our disposal, because this determines 
on how small a length scale we can look. These 
particle energies are usually measured in units 
called electron volts, (In Thomson’s experiments 


Fig 5.5 


antiquark 


antquark 


Charmed 
anliquari 


Bottom 
antiquark 


Top 


Figs. 5.4 and 5.5 There are six flavors of quark, each of 
which comes in three colors, As well as quarks there are 
six flavors of antiqnarks, each of which comes in three 
anti-colors (see page 96). 


with electrons, we saw that he used an electric 
field to accelerate the electrons. The energy that 
an electron gains from an electric field of one 
volt is what is known as an electron volt.) In the 
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nineteenth century, when the only particle ener- 
gies that people knew how to use were the low 
energies of a few electron volts generated by 
chemical reactions such as burning, it was 
thought that atoms were the smallest unit. In 
Rutherford's experiment, the alpha-particles 
had energies of millions of electron volts. More 
recently, we have learned how to use electro- 
magnetic fields to give particles energies of at 
first millions and then thousands of millions of 
electron volts. And so we know that particles 
that were thought to be “elementary” thirty 
years ago are, in fact, made up of smaller parti- 
cles, May these, as we go to still higher energies, 
in turn be found to be made from still smaller 
particles? This is certainly possible, but we do 
have some theoretical reasons for believing that 
we have, or are very near to, a knowledge of the 
ultimate building blocks of nature, 

Using the wavelparticle duality discussed in 
the last chapter, everything in the universe, 
including light and gravity, can be described in 
terms of particles. These particles have a prop- 
erty called spin. One way of thinking of spin is 
to imagine the particles as little tops spinning 
about an axis. However, this can be misleading, 
because quantum mechanics tells us that the 
particles do not have any well-defined axis 
What the spin of a particle really tells us is what 


the particle looks lik 
A particle c 


from different directions, 
E spin 0 is like a dor: it looks the 
ame from every direction (Fig. 5.6-A). On the 
other hand, a particle of spin 1 is like an arrow 


different from different directions (Fig, 


the same. A particle of spin 2 is like a do 


of a complete revolution, All this seems fairly 
but the remarkab 
look the same i 


are particles thar do nd 


Fig. 5.6-D). 


All the known particles in the universe can be 


divided into two groups: particles c 


matter particles obey what is called 


y an Austrian physicist, Wolfgang 
Pauli — for which he received the Nobel prize in 
1945. He was the archetypal theoretical physi 


Opposite: Fig. 5.6 Elementary particles have a property 
called spin. A spin 0 particle looks the same from all 
directions (A), A spin 1 particle looks the same when it 
is rotated through a full 360" (B), and a spin 2 particle 
only needs 180° (C), However, spin 1/2 particles (D) 
must go through teo complete rotations before they 


Right: Paul Dirac (1902-1084), 
proposed the existence of antimatte 
Far rights Wolfgang Pauli (1900-19 
ered the exclusion principle 


British physicist who 


tho discov- 


similar particles cannot exist in the same state, 
that is, they cannot have both the same position. 
and the same velocity, within the limits given by 
the uncertainty principle. The exclusion princi- 
ple is crucial because it explains why matter par- 
ticles do not collapse to a state of very high den- 
sity under the influence of the forces produced 
by the particles of spin 0, 1, and 2: if the matter 
particles have very nearly the same positions, 
they must have different velocities, which means 
that they will not stay in the same position for 
long. If the world had been created without the 
exclusion principle, quarks would not form sep- 
arate, well-defined protons and neutrons, Nor 
would these, together with electrons, form sepa- 
rate, well-defined atoms. They would all col- 
lapse to form a roughly uniform, dense “soup.” 

A proper understanding of the electron and 


other spin-1/2 particles did not come until 19 
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when a theory was proposed by Paul Dirac, who 


later was elected to the Lucasian Professorship 
of Mathematics at Cambridge (the same profes- 
sorship that Newton had once held and that 1 
now hold), Dirac’s theory was the first of its 
kind that was consistent with both quantum 
mechanics and the special theory of relativity. It 
explained mathematically why the electron had 
spin 1/2, that is, why it didn't look the same if 
you turned it through only one complete revolu- 
tion, but did if you turned it through two revo- 
lutions, It also predicted that the electron should 


have a partner: an antielectron, or positron, The. 
discovery of the positron in 1932 confirmed 
Dirac's theory and led to his being awarded the 
Nobel prize for physies in 1933. We now know 
that every particle has an antiparticle, with 
which it can annihilate, (In the case of the force- 


carrying particles, the antiparticles are the same 


cw 


Matter particle emits a 


carrying particle 


Force-carryeg particle catides with a 
second matterpartice 


Fig. 57 


DN cm e CRUS © wy e ee, 


- 


Apparent force between rratterparteles 


Fig: $77 Interactions between particles of matter can. 
described as an exchange of force-carrying particles. 
Fig. 5-8 If you should meet your antiself, prudence 

suggests nat to shake bands! 


as the particles themselves. There could be 
whole antiworlds and antipeople made out of 
antiparticles, However, if you meet your antiself 
(Fig. 5.8), don't shake hands! You would borh 
vanish in a great flash of light. The question of 
why there seem to be so many more particles 
than antiparticles around us is extremely impor- 
tant, and I shall return to it later in the chapter. 

In quantum mechanics, the forces or interac- 
tions berween matter particles are all supposed 
to be carried by particles of integer spin — 0, 1, 


or 2. What happens is that a matter particle, 
such as an electron or à quark, emits a force-car- 
rying particle, The recoil from this emission 
changes the velocity of the matter particle. The 
force-carrying particle then collides with anoth- 
er matter particle and is absorbed. This collision 
changes the velocity of the second particle, just 
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as if there had been a force between the two 
matter particles (Fig 5.7). Tt is an important 
property of the force-carrying particles thar they 
do nor obey the exclusion principle. This means 
thar there is no limit to the number that can be 
exchanged, and so they can give rise to a strong 
force. However, if the force-carrying particles 
have a high mass, it will be difficult to produce 
and exchange them over a large distance. So the 
forces that they carry will have only a short 
range, On the other hand, if the force-carrying 


Fig. 5.8 


= 


particles have no mass of their own, the forces 
will be long range. The force-carrying particles 


exchanged between matter particles are said to 
be virtual particles because, unlike “real” parti- 


cles, they cannot be directly detected by a p. 


ti- 
cle detector We know they exist, however, 
because they do have a measurable effect: they 
give rise to forces between matter particles. 
Particles of spin 0, 1, or 2 do also exist in some 
circumstances as real particles, when they can be 
directly detected. They then appear to us as 
what a classical physicist would call waves, such 
as waves of light or gravitational waves. They 
may sometimes be emitted when matter parti- 
cles interact with each other by exchanging vir 
tual force-cartying particles. (For example, the 
electric repulsive force between two electrons is 
due to the exchange of virtual photons, which 
can never be directly detected; but if one elec- 
tron moves past another, real photons may be 
given off, which we detect as light waves.) 
Force-carrying particles can be grouped into 
four categories according to the strength of the 


force that they carry and the particles with 


which they interact. It should be emphasized 
that this di 


is convenient for the construction of partial 


jon into four classes is man-made; 


theories, but it may not correspond to anything 
deeper. Ultimately, most physicists hope to find 
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a unified theory that will explain all four forces 
as different aspects of a single force. Indeed, 
many would say this is the prime goal of physics 
today. Recently, successful attempts have been 
made to unify three of the four categories of 
force — and 1 shall descrihe these in this chap- 
ter. The question of the unification of the 
remaining category, gravity, we shall leave ill 
later 

The first category is the gravitational force. 
This force is universal, that is, every particle. 
feels the force of gravity, according to its mass 
or energy. Gravity is the weakest of the four 
forces by a long way; it is so weak that we 
would not notice it at all were it not for two spe- 
cial properties that it has: it can act over large 
distances, and itis always attractive. This means 
that the very weak gravitational forces between 
the individual particles in two large bodies, such 
as the earth and the sun, can all add up to pro- 
duce a significant force. The other three forces 
are either short range, or are sometimes attrac- 
tive and sometimes repulsive, so they tend to 
cancel out. In the quantum mechanical way of 
looking at the gravitational field, the force 
hetween two matter particles is pictured as 
being carried by a particle of spin 2 called the 
graviton. This has no mass of its own, so the 
force that it carries is long range. The gravita- 


Fig, 5.9 


The gravitational force between the earth 


and sun is caused by the exchange of virt 


al gravitons, 
attractive, the weak forces between individ- 
al particles in the earth and sun all add up 
10 a significant force. 


Because gravity is always 


tional force between the sun and the earth is 
ascribed to the exchange of gravitons between 
the particles that make up these two. bodies. 
Although the exchanged particles are virtual, 
they certainly do produce a measurable effe 


they make the earth orbit the sun! Real gra 


tons make up whar classical physicists would 
call gravitational waves, which are very weak — 
and so difficult to detect that they have not yet 
been observed 

The next category is the electromagnetic 
force, which interacts with electrically charged 
particles like electrons and quarks, but not with 
uncharged particles such as gravitons. It is much 
stronger than the gravitational force: the elec- 
tromagnetic force between two electrons is 
about a million million million million million 
million million (1 with forty-two zeros after it) 
times bigger than the gravitational force. 
However, there are two kinds of electric charge, 


positive and negative. The force between two 
positive charges is repulsive, as is the force 
between two negative charges, but the force is 
attractive between a positive and a negative 
charge, A large body, such as the earth or the 
sun, contains nearly equal numbers of positive 
and negative charges. Thus the attractive and 
repulsive forces between the individual particles 
nearly cancel each other out, and there is very 
little net electromagnetic force, However, on the 
small scales of atoms and molecules, electro- 
magnetic forces dominate. The electromagnetic 
attraction between negatively charged electrons 
and positively charged protons in the nucleus 
causes the electrons to orbit the nucleus of the 
atom, just as gravitational attraction causes the 
earth to orbit the sun. The electromagnetic 
attraction is pictured as being caused by the 
exchange of large numbers of virtual massless 
particles of spin 1, called photons, Again, the 


fart San 


Electromagnetic forc 


photons that are exchanged are virtual particles. 
However, when an electron changes from one 
allowed orbit to another one nearer to the nucle- 
us, energy is released and a real photon is emit- 
ted — which can be observed as visible light by 
the human eye, if it has the right wavelength, or 
by a photon detector such as photographic film. 
Equally, if a real photon collides with an atom, 
it may move an electron from an orbit nearer the 
nucleus to one farther away. This uses up the 
energy of the photon, so it is absorbed. 

The third category is called the weak nuclear 
force, which is responsible for radioactivity and 
which acts on all matter particles of spin 1/2, 


but not on particles of spin 0, 1, or 2, such as 


phorons and gravitons. The weak muclear force 
was not well understood until 1967, when 
Abdus Salam at Imperial College, London, and 
Steyen Weinberg at Harvard both proposed the- 


ries that unified this interaction with the elec- 


Fig, 5.10 


In the case of electromagnetic forces carried 
hy virtual photons, the forces can be both 
attractwe and repulsive, so the forces 
between the particles in the earth and sun 
largely cancel each other out, 


tromagnetic force, just as Maxwell had unified 
electricity and magnetism abou 


hundred years 
earlier. They suggested that in addition to the 
photon, there were three other spin-1 particles, 
known collectively as massive vector bosons, 
that carried the weak force. These were called 
W+ (pronounced W plus), W^ (pronounced W 
minus), and Z” (pronounced Z naught), and 
each had a mass of around 100 GeV (GeV 
stands for gigaelectron-volt, or one thousand 


million electron volts). The Weinberg-Salam the- 


ory exhibits a property known as spontaneous 
symmetry breaking. This means that what 


appear to be a number of completely different 


particles at low energies are in fact found to be all 


the same type of particle, only in different states. 


At high energies all these particles behave simi- 
larly. The effect is rather like the behavior of a 
roulette ball on a roulette wheel (see above). Ar 
high energies (when the wheel is spun quickly) 


When a roulette wheel i spinning rapidly, the hall car 
move freely between all possible positions. Ho 


sehen the wheel slows doum the ball will set 
vf thirty-seven different positions 


le into one 


the ball behaves in essentially only one way — it 
rolls round and round. But as the wheel slows, 
the energy of the hall decreases, and eventually 
the ball drops into one of the thirty-seven slots 
in the wheel. In other words, at low energies 
there are thirty-seven different states in which 
the ball can exist, If, for some reason, we could 
only observe the ball at low energies, we would 
then think that there were thirty-seven different 
types of ball! 

In the Weinberg-Salam theory, at energies 
much greater than 100 GeV, the three new par- 
ticles and the photon would all behave in a sim- 


ilar manner. But at the lower particle energies 
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that occur in most normal situations, this sym- 
metry between the particles would be broken. 
W*, W and Z^ would acquire large masses, 
making the forces they carry have a very short 
range. At the time that Salam and Weinberg pro~ 
posed their theory, few people believed them, 
and particle accelerators were not powerful 
enough to reach the energies of 100 GeV 
required to produce real W*, W°, or Z^ parti- 
cles. However, over the next ten years or so, the. 
other predictions of the theory at lower energies 
agreed so well with experiment that, in 1979, 
Salam and Weinberg were awarded the Nobel 
prize for physics, together with Sheldon 
Glashow, also at Harvard, who had suggested 
similar uni 


id theories of the electromagnetic 
and weak nuclear forces. The Nobel committee 
was spared the embarrassment of having made a 
mistake by the discovery in 1983 at CERN 
(European Centre for Nuclear Research) of the 
three massive partners of the photon, with the 
correct predicted masses and other properties. 
Carlo Rubbia, who led the team of several hun- 
dred physicists that made the discovery, received 
the Nobel prize 


n 1984, along with Simon van 
der Meer, the CERN engineer who developed the 


antimatter storage system employed. (It is very 


difficult to make a mark in experimental physics 
these days unless you are already at the top!) 


The fourth category is the strong nuclear 
force, which holds the quarks together in the 
proton and neutron, and holds the protons and 
neutrons together in the nucleus of an atom. It is 
believed that this force is carried by another 
spin-1 particle, called the gluon, which interacts 
only with itself and with the quarks. The strong 
nuclear force has a curious property called con- 
finement: it always binds particles together into. 
combinations that have no color. One cannot 
have a single quark on its own because it would 
have a color (red, green, or blue), Instead, a red 
quark has to be joined to a green and a blue 
quark by a “string” of gluons (red + green + 
blue = white). Such a triplet constitutes a proton 
or a neutron (Fig. 5.11), Another possibility is a 


Left: Steven Weinberg (1933- ). Weinberg s most 


t wark was on the unification of the electro 


magnetic and weak nuclear forces. 
Right: She 
one of the earliest models linking t 


n Glashow (1932— 


Glashow produced 


and weak nuclear forces, 


pair consisting of a quark and an antiquark (red 
+ antired, or green + antigreen, or blue + 
antiblue = white) (Fig, 5.12), Such combinations 
make up the particles known as mesons, which 
are unstable because the quark and antiquark 
can annihilate each other, producing electrons 
and other particles, Similarly, confinement pre 


vents one having a single gluon on its own, 


x: Instead, one has 


because gluons also have co 


to have a collection of gluons whose colors add 


Fig. 5.11 Quarks cam only exist in combinations without 
calor Red, green, and blue quarks are bond by gluons 
to forma “white” neutron. 


up to white. Such a collection forms an unstable 
particle called a glucball 

The fact that confinement prevents one from 
observing an isolated quark or gluon might 
seem 10 make the whole notion of quarks and 
al 


gluons as particles somewhat metaphysi 
However there is another property of the strong 


nuclear force, called asymptotic freedom, that 


makes the concept of quarks and gluons well- 
defined. At normal energies, the strong nuclear 
force is indeed strong, and it binds the quarks 
tightly together. However, experiments. with 
large particle accelerators indicate that at high 
energies the strong force becomes much weaker, 


and the quarks and gluons behave almost like 


free particles, Fig. 5.13 on page 98 shows a pho- 
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Fig. 5:12 A colorless combination can also be formed by 
a quark and antiquark whose colors cancel (eg, red + 
antired) 


tograph of a collision between a high energy 
proton and antiproton. The success of the unifi- 
cation of the electromagnetic and weak nuclear 
forces led to a number of attempts to combine 
these two forces with the strong nuclear force 
into what is called a grand unified theory (or 
GUT). This title is rather an exaggeration: the 
resultant theories are not all that grand, nor are 
they fully unified, as they do not include gravity. 
Nor are they really complete theories, because 
they contain a number of parameters whose val- 
ues cannot be predicted from the theory bur 
have to be chosen to fit in with experiment. 
Nevertheless, they may be a step toward a com- 
plete, fully unified theory. The basic idea of 
GUTS is as follows: as was mentioned above, the 


strong nuclear force gets weaker at high ener 
gies On the other hand, the electromagnetic and 
weak forces, which are not asymptotically free, 
get stronger at h 


h energies. At some very high 


energy, called the grand unification energy, these 
three forces would all have the same strength and 
so could just be different aspects of a single force. 
The GUTS also predict that ar this energy the dif- 
ferent spin-1/2 matter particles, like quarks and 
electrons, would also all be essentially the same, 


thus achieving another unification. 


The value of the grand unification energy is 
not very well known, but it would probably: 
have to be at least a thousand million million 
GeV, The present generation of particle acceler- 
ators can collide particles at energies of about 
one hundred GeV, and machines are planned 


Below: One of the end caps of the ALEPH detector at 
CERN near Geneva, Switzerland. By creating bigh- 

particle collisions in such accelerators, 
researchers can create conditions similar to those that 
existed after the big bang, 


that would raise this to a few thousand GeV, But 
à machine that was powerful enough to acceler- 
ate particles to the grand unification energy. 
lar System — 


would have to be as big as the S 
and would be unlikely to be funded in the pre- 
sent economic climate. Thus it is impossible to 
test grand unified theories directly in the labora- 
tory. However, just as in the case of the electro- 
magnetic and weak unified theory, there are 
low-energy consequences of the theory that can. 
be tested. 

The most interesting of these is the prediction 
that protons, which make up much of the mass 
of ordinary matter, can spontaneously decay 
into lighter particles such as antielectrons. The 
reason this is possible is that at the grand unifi- 
cation energy there is no essential difference 
between a quark and an antielectron. The three 
quarks inside a proton normally do not have 
enough energy to change into antielectrons, but 
very occasionally one of them may acquire suf- 
se the 


ficient energy to make the transition bec: 
uncertainty principle means that the energy of 
the quarks inside the proton cannot be fixed 
The 
probability of a quark gaining sufficient energy 


exactly. The proton would then decay. 


is so low that one is likely to have to wait at 
least a million million million million million 
years (1 followed by thirty zeros). This is much 
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longer than the time since the big bang, which is 
a mere ten thousand million years or so (1 fol- 
lowed by ten zeros). Thus one might think that 
the possibility of spontaneous proton decay 
could not be tested experimentally. However, 
one can increase one’s chances of detecting a 


decay by observing a large amount of matter 
containing a very large number of protons. (If, 
for example, one observed a number of protons 
equal to 1 followed by thirty-one zeros for a 
period of one year, one would expect, according 
Above: Fig, 5.13 False color image showing tracks 
made by accelerated particles inside a cloud chamber 
The annihilation of an antiproton and a proton occurs 
at the central intersection, Opposite: The mast recent 
research using the ALEPH detector at CERN produces 
computer generated images showing the decay of a 
particle, via quarleartiguark pairs, ito many particles. 
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Fig. 5.14 ln grand unified theories the tuvo up and one 
down quarks in a proton might cha 
downlantidown sé-meson and am antelectron. 


A 


to the simplest GUT, to observe more than one 
proton decay. 

A number of such experiments. have been 
carried out, but none have yielded definite evi- 
dence of proton or neutron decay, One experi- 
ment used eight thousand tons of water and was 
performed in the Morton Salt Mine in Ohio (to 
avoid other events taking place, caused by cos. 
mic rays, that might be confused with proton 
decay), Since no spontaneous proton decay had 
been observed during the experiment, one can 


calculate that the probable life of the proton 


eet each 


Down 


must be greater than ten million million million 
million million years (1 with thirty-one zeros). 
This is longer than the lifetime predicted by the 
simplest grand unified theory, but there are 
more elaborate theories in which the predicted 
lifetimes are longer, Still more sensitive exper 


ments involving even larger quantities of matter 
will be needed to test them. 

Even though it is very difficult to observe 
spontaneous proton decay, it may be that our 
very existence is a consequence of the reverse 
process, the production of protons, or more sim: 
ply, of quarks, from an initial situation in which 
there were no more quarks than antiquarks, 
which is the most natural way to imagine the 
universe starting out, Matter on the earth is 
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made up mainly of protons and neutrons, which 
in turn are made up of quarks. There are no 
antiprotons or antineutrons, made up from anti 
quarks, except for a few that physicists produce 
evidence 


in large particle accelerators, We ha 


from cosmic rays that the same is true for all the 
matter in gur galaxy: there are no antiprotons or 
antineutrons apart from a small number that are 
prod 


energy 


ed as particle/antiparticle pairs in high- 


ollisions. If there were large regions of 


antimatter in our galaxy, we would expect to 


observe large quantities of radiation from the 


borders between the regions of matter and anti 
matter, where many particles would be colliding 


with their antiparticles, annihilating each other 


and giving off high energy radiation. 

We have no direct evidence as to whether the 
matter in other galaxies is made up of protons 
and neutrons or antiprotons and antineutrons, 
but it must be one or the other: there cannot be 
a mixture in a single galaxy because in that case 
we would again observe a lot of radiation from 
We therefore believe that all 
galaxies are composed of quarks rather than 


annihilations. 


antiquarks; it seems implausible that some 
galaxies should be matter and some antimatter, 

Why should there be so many more quarks 
than antiquarks? Why are there not equal num- 
bers of each? It is certainly fortunate for us that 
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the numbers are unequal because, if they had 
been the same, nearly all the quarks and anti- 
quarks would have annihilated each other in the 
early universe and left a universe filled with 
radiation but hardly any matter. There would 
then have been no galaxies, stars, or planets on 
which human life could have developed. 
Luckily, grand unified theories may provide an 
explanation of why the universe should now 
contain more quarks than antiquarks, even if it 
started out with equal numbers of each. As we 
have seen, GUTS allow quarks to change into, 
antielectrons at high energy. They also allow the 
ES 


se processes, antiquarks turning into elec- 
trons, and electrons and anticlectrons turning 
into antiquarks and quarks. There was a time in 
the very early universe when it was so hot that 
the particle energies would have been high 
enough for these transformations to take place. 
But why should that lead to more quarks than 
antiquarks? The reason is that the laws of 
physics are not quite the same for particles and 
antiparticles. 

Up to 1956 it was bel 
physics obeyed each of three separate symme- 


sd that the laws of 


tries called C, P, and T. The symmetry C means 
that the laws are the same for particles and 
antiparticles. The symmetry P means that the 
laws are the same for any situation and its mir- 


tor image (the mirror image of a particle spin 
ning in a right-handed direction is one spinning 
in a left-handed direction). The symmetry T 
means that if you reverse the direction of motion. 
of all particles and antiparticles, the system 
should go back to what it was at earlier times; in 
other words, the laws are the same in the for 

ward and backward directions of rime, In 1956 
two American physicists, Tsung-Dao Lee and 
Chen Ning Yang, suggested that the weak force. 
does not in fact obey the symmetry P. In other 
words, the weak force would make the universe 
develop in a different way from the way in 
which the mirror image of the universe would 
develop. The same year, a colleague, Chien- 
Shiung Wa, proved their prediction correct, She 
did this by lining up the nuclei of radioactive. 
atoms in a magnetic field, so that they were all 
spinning in the same direction, and showed that 
the electrons were given off more in one direc- 
tion than another. The following year, Lee and 
Yang received the Nobel prize for their idea, It 
was also found that the weak force did not obey 
the symmetry C. That is, it would cause a uni- 
verse composed of antiparticles to behave differ- 
ently from our universe, Nevertheless, it seemed 
that the weak force did obey the combined sym- 
metry EP, That is, the universe would develop in 


the same way as its mirror image if, in addition, 


every particle was swapped with its antiparticle! 
However, in 1964 two more Americans, J. W. 
Gronin and Val Fitch, discovered that even the 
CP symmetry was nor obeyed in the decay of 
certain particles called K-mesons, Cronin and 
Fitch eventually received the Nobel prize for 
their work in 1980, (A lot of prizes have been 
awarded for showing that the universe is not as 
simple as we might have thought!) 

‘There is a mathematical theorem that says 
that any theory that obeys quantum mechanics 
and relativity must always obey the combined 
symmetry CPT, In other words, the universe 
would have to behave the same if one replaced 
particles by antiparticles, took the mirror image, 
and also reversed the direction of time. But 
Cronin and Fitch showed that if one replaces 
particles by antiparticles and takes the mirror 
image, but does not reverse the direction of 
time, then the universe does not behave the 
same, The laws of physics, therefore, must 
change if one reverses the direction of time — 
they do not obey the symmetry T. 

Certainly the early universe does not obey 
the symmetry T: as time runs forward the uni- 
verse expands — if it ran backward, the universe 
would he contracting, And since there are forces 
that do not obey the symmetry T, it follows thar 


as the universe expands, these forces could cause 
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Fig. 5.15 The mirror image ofa particle with right hand 
spin is a particle with left hand spin. If symmetry P 


holds, the laws of physics are the same for both 


more antielectrons to turn into quarks than elec- 
trons into antiquarks. Then, as the universe 


expanded and cooled, the antiquarks would 
annihilate with the quarks, bur since there 
would be more quarks than antiquarks, a small 
excess of quarks would remain. It is these that 
make up the matter we see today and out of 
which we ourselves are made. Thus our very 


existence could be regarded as a confirmation of 
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grand unified theories, though a qualitative one 
only; the uncertainties are such that one cannot 
predict the numbers of quarks that will be left 
after the annihilation, or even whether it would 
be quarks or antiquarks that would remain. 
(Had it been an excess of antiquarks, however, 
we would simply have named antiquarks 
quarks, and quarks antiquarks.) 

Grand unified theories do not include the 


force of gravity. This does not matter too much, 
because gravity is such a weak force that its 
effects can usually be neglected when we are 
dealing with elementary particles or atoms. 
However, the fact that it is both long range and 
always attractive means that its effects all add 
up. So for a sufficiently large number of matter 
particles, gravitational forces can dominate over. 
all other forces. This is why it is gravity that 


determines the evolution of the universe. Even 


for objects the size of stars, the attractive force 
of gravity can win over all the other forces and 
cause the star to collapse, My work in the 1970s 
focused on the black holes thar can result from 


such stellar collapse and the intense gravitation- 


al fields around them. It was this thar led to the 
first hints of how the theories of quantum 


mechanics and general relativity might affect 


h other — a glimpse of the shape of a qua 


tum theory of gravity yet to come, 


>| 


— 


HE tere black hole 
is of very recent ori- 


T 


1969 by the American scientist John 


lt was coined in 


Wheeler as a graphic description of an idea that 
goes back at least two hundred years, to a time 
when there were two theories about light: one, 
which Newton favored, was that it was com- 
posed of particles; the other was that it was 
made of waves, We now know that really both 
theories are correct. By the wave/particle duali- 
ty of quantum mechanics, light can be regarded 
as both a wave and a particle. Under the theory 


that light is made up of waves, it was not clear 
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4, 


ig. 6.1 


how it would respond 
to gravity. But if light 
is composed of parti- 
des, one might expect 
them to be affected by gravity 
in the same way that cannonballs, rockets, and 
planets are, At first people thought that particles 
of light traveled infinitely fast, so gravity would 
not have been able to slow them down, but the 
discovery by Roemer thar light travels at a finite 
speed meant that gravity might have an impor- 
tant effect. 
On this assumption, a Cambridge don, John 
Michell, wrote a paper in 1783 in the Philoso- 


phical Transactions of the Royal Society of 
London in which he pointed out chat a star that 
was sufficiently massive and compact would 
have such a strong gravitational field that light 
could nor escape: any light emitted from the sur- 
face of the star would be dragged hack by the 
stars gravitational attraction before it could get 
very far. Michell suggested that there might be a 
large number of stars like this. Although we 
‘would not be able to see them because the light 
from them would not reach us, we would still 
feel their gravitational attraction. Such objects 
are what we now call black holes, because that 
is whar they are: black voids in space. A similar 
suggestion was made a few years later by the 
French scientist the Marquis de Laplace, appar- 
ently independently of Michell. Interestingly 
enough, Laplace included it in only the first and 
second editions of his book The System of the 
World, and left it out of later editions; perhaps 
he decided that it was a crazy idea. (Also, the 
particle theory of light went out of favor during 
the nineteenth century; it seemed that everything 


Fig. 6.1 John Michells concept was of a star so massive, 
that light emitted from its surface would be pulled back 
by its vast gravitational field, making it invisible, These 
"dark stars" were the eighteenth century precursors of 
today’s black holes. 


could be explained by the wave theory, and 
according to the wave theory, it was not clear 
that light would be affected by gravity at all.) 

In fact, it is not really consistent to treat light 
like cannonballs in Newton's theory of gravity 
because the speed of light is fixed. (A cannonball 
fired upward from the earth will be slowed 
down by gravity and will eventually stop and 
fall back; a photon, however, must continue 
upward ar a constant speed. How then can 
Newtonian gravity affect light?) A consistent 
theory of how gravity affects light did not come 
along until Einstein proposed general relativity 
in 1915, And even then it was a long time before 
the implications of the theory for massive stars 
were understood, 

To understand how a black hole might be 
formed, we first need an understanding of the 
life cycle of a star. A star is formed when a large 
amount of gas (mostly hydrogen) starts to col- 
lapse in on itself due to its gravitational attrac- 
tion. As it contracts the atoms of the gas collide 
with each other more and more frequently and 
at greater and greater speeds — the gas heats up. 
Eventually, the gas will be so hot that when the 
hydrogen atoms collide they no longer bounce 
off each other, bur instead coalesce to form heli- 
um. The heat released in this reaction, which is 
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what makes the star shine, This additional heat 
Iso increases the pressure of the gas until it is 
sufficient to balance the gravitational attraction, 
and the gas stops contracting. It is a bit like a 
balloon — there is a balance between the pres 
sure of the air inside, which is trying ro make the 
balloon expand, and the tension in the rubber, 
which is trying to make the balloon smaller 
Stars will remain stable like this for a long time 
with hear from the nuclear reactions balancing 
the gravitational attraction (see “main-sequence 
stars" in Fig. 6.2). Eventually, however, the star 


will run out of its hydre 
fuels. Paradoxically, the more fuel a star start 
off with, the sooner it runs out. This is becas 


the more massive the star is, the hotter it need: 


to beto balance its gravitacional attraction, And 
the hotter it is, the faster it will use up its fuel 
Our sun has probably got enough fuel f 

nother five thousand million years or so, bus 
more massive stars can use up their fuel in as lit- 
le as one hundred million years, much less than. 
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Arthur Stanley Eddington 
(1882-1944) 


fuel, it starts to cool off and so to contract. 
Whar might happen to it then was first under- 
stood only at the end of the 1920s. 

In 19. 


manyan C 


an Indian graduate student, Subrah- 


andrasekhar, set sail for England to. 


study at Cambridge with the British astronomer 
Sir Arthur Eddington, an expert on general rela- 
tivity, (According to some accounts, a journalist 
told Eddington in the early 1920s that he had 
heard there were only three people in the world 
Eddington 
paused, then replied, “Lam trying to think who 


who understood general relativity 


the third person is.”) During his voyage from 


India, Chandrasekhar worked our how big a 
star could be and still support itself against its 
| The 


idea was this: when the star becomes small, the 


own gi 


vity after it had used up all its f 


Lee Davidovich Landau 
(1908-1968) 
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Subrabmanyan Chandrasekhar 
(1910-1995) 


marter particles get very near each other, and so 
according to the Pauli exclusion principle, they 
must have very different velocities. This makes 
them move away from each other and so tends 
to make the star expand. A star can therefore 
maintain itself at a constant radius by a balance 
between the attraction of gravity and the repul- 
sion that arises from the exclusion principle, just 


lier in its life gravity was balanced by the 
heat. 

Chandrasekhar realized, however, that there 
is a limit to the repulsion that the exclusion 
principle can provide, The theory of relativity 
limits the maximum difference in the velocities 
of the matter particles in the star to the speed of 
light. This means that when the star gor suffi- 
ciently dense, the repulsion caused by the exelu- 


sion principle would be less than the attraction 
of gravity, Chandrasekhar calculated that a cold 
star of more than about one and a half times the 
mass of the sun would not be able to support 


itself against its own gravity, (This mass is now 


known as the Chandrasekhar limit.) A similar 
discovery was made about the same time by the 
Russian scientist Lev Davidovich Landau, 

This had serious implications for the ultimate 
fate of massive stars. IF a star's mass is less than 
the Chandrasekhar limit, it can eventually stop 
contracting and settle down to a possible final 
state as a “white dwarf? with a radius of a few 
thousand miles and a density of hundreds of 
tons per cubic inch. A white dwarf is supported 
by the exclusion principle repulsion between the 
electrons in its matter. We observe a large num 
ber of these white dwarf stars. One of the first 
to be discovered is a star that is orbiting around 
Sirius, the brightest star in the night sky 

Landau pointed out that there was another 
possible final state for a star, also with a limiting 
mass of about one or two times the mass of the 
sun but much smaller even than a white dwarf 
‘These stars would be supported by the exclusion 
principle repulsion between neutrons and pro: 
tons, rather than between electrons. They were 
therefore called neutron stars. They would have 
a radius of only ten miles or so and a density of 


hundreds of millions of tons per cubic inch. At 
the time they were first predicted, there was no 
way that neutron stars could be observed. They 
were nor actually detected until much later. 
Stars with masses above the Chandrasekhar 
limit, on the other hand, have a big problem 
when they come to the end of their fuel, In some 
cases they may explode or manage to throw off 
enough matter to reduce their mass below the 
limit and so avoid catastrophic gravitational 
collapse, but it was difficult to believe that this 
always happened, no matter how big the sta 


How would it know thar it had to lose weigh 
And even if every star managed to lose enough 
mass to avoid collapse, what would happen if 
you added more mass to a white dwarf or neu- 
tron star to take it over the limit? Would it col- 
lapse to infinite density? Eddington was shocked. 
by that implication, and he refused to believe 
Chandrasekhars result. Eddington thought it 
was simply not possible that a star could col- 
lapse to a point. This was the view of most sci- 
'entists: Einstein himself wrote a paper in which 
he claimed that stars would not shrink to zero 
size, The hostility of other scientists, particular- 
ly Eddington, his former teacher and the leading, 
authority on the structure of stars, persuaded 
Chandrasekhar to abandon this line of work 


and turn instead to other problems in astrono- 
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my, such as the motion of star clusters. 
However, when he was awarded the Nobel prize 
in 1983, it was, at least in part, for his early 
work on the limiting mass of cold stars 
Chandrasekhar had shown that the exclusion 


principle could not halt the collapse of a star 


more massive than the Chandrasekhar limit, bue 
the problem of understanding what would hap: 
pen to such a star, according to general relativi 
ty, was first solved by a young American, Robert 
Oppenheimer, in 1939. His result, however, sug- 
gested that there would be no observational 
consequences that could be detected by the tele- 
scopes of the day. Then World War I intervened 
and Oppenheimer himself became closely 
involved in the atam bomb project. After the 
war the problem of gravitational collapse was 
largely forgotten as most scientists became 
caught up in what happens on the scale of the 
atom and its nucleus, In the 1960s, however, 


interest in the large-scale problems of astrono- 


my and cosmology was revived by a great 
increase in the number and range of astronomi: 
cal observations brought about by the applica: 


y. Oppenheimer's 
work was then rediscovered and extended by a 
number of people. 

have 


Oppenheimer work is as follows. The gravita 


The picture that we now from 


Robert Oppenheimer 
(1904-1967). From 

1942 
the director of the 


o 1945 he was 


laboratory at Los 
Alamos, New Mexico, 
that designed and built 
ve first atomic bombs. 


tional field of the star changes the paths of light 
rays in space-time from what they would have 
been had the star not been present, The light 
cones, which indicate the paths followed in 
space and time by flashes of light emitted from 
their tips, are bent slightly inward near the sur- 
face of the star. This can be seen in the bending, 
of light from distant stars observed during an 
eclipse of the sun. As the star contracts, the 
gravitational field ar its surface gets stronger 
and the light cones get bent inward more. This 
makes it more difficult for light from the star to 
escape, and the light appears dimmer and redder 
to an observer at a distance. Eventually, when 
the star has shrunk to a certain critical radius, 
the gravitational field ar the surface becomes so 
strong that the light cones are bent inward so 
much that light can no longer escape (Fig. 6,3). 
According to the theory of relativity, nothing 
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n travel faster than light. Thus if light 
cannot escape, neither can anything else; 
everything is dragged back by the gravit 


tional field. So one has a set of events, a 
region of space-time, from which it is not 
possible to escape to reach a distant 
observer. This region is what we now call 
a black hole. Its boundary is called the 
event horizon and it coincides with the 
paths of light rays that just fail to escape 
from the black hole 

In order to understand what you 
would see if you were watching a star col 
lapse to form a black hole, one has to 
remember that in the theory of relativity 
there is no absolute time. Each observer 
has his own measure of time. The time for 
someone on a star will be different from 
that for someone at a distance, because of 
the gravitational field of the star. Suppose 
an intrepid astronaut on the surface of the 
collapsing star, collapsing inward with it, 


sent a signal every second, according to 
his watch, to his spaceship orbiting about 
the star. At some time on his watch, say 


11:00, the star would shrink below the 


Fig, 6.3 Space-time diagram of a massive star 
collapsing to form a black hole: 
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critical radius ar which the gravitation- 
a al field becomes so strong nothing can 
escape, and his signals would no longer 


reach the spaceship. As 11:00 
i a approached, his companions watching 
from the spaceship would find the 


Tre sgral f intervals between successive signals 


10000 woud 
hee svest longer, but this effect would be very 


thespacesho small before 10:59:59. They would 


have to wait only very slightly more 


from the astronaut getting longer and 


than a second between the astronaut’s 
10:59:58 signal and the one that he sent 


when his watch read 10:59:59, but they 


would have to wait forever for the 
11:00 signal. The light waves emitted 
from the surface of the star between 
10:59:59 and 11:00, by the astronaut’s 


watch, would be spread out over an 


er A infinite period of time, as seen from the 


spaceship. The time interval between 


the arrival of successive waves at the 


spaceship would get longer and longer, 
ED so the light from the star would appear 
redder and redder and fainter and 
fainter, Eventually, the star would be so. 


dim that it could no longer be seen 


from the spaceship: all that would be 


the back hole — left would bea black hole in space, The 


Fig. 6.5 


Ansar pre a bak hole Te the universe, like the central regions of galaxies, 
nears the event horaon S S 


that can also undergo gravitational collapse to 
produce black holes; an astronaut on one of 


these would not be tarn apart before the black 


hole formed. He would not, in fact, 
feel anything special as he 
reached the critical 


The astronauts feet 
are subject to greater 


qs Banane 
would, rin 

reich bin 
however, apt 


continue to 
exert the same 
gravitacional force 
on the spaceship, which 
would continue to orbit the 
black hole. This scenario is not 
entirely realistic, however, be- 
cause of the following problem. 
Gravity gets weaker the farther you 
are from the star, so the gravitational 
force on our intrepid astronaur's feet would 

always be greater than the force on his head. 

‘This difference in the forces would stretch our 
astronaut out like spaghetti or tear him apart 
before the star had contracted to the critical radius 
at which the event horizon formed! (See Fig. 6.5) 
However, we believe that there are much larger objects in 


LS 
N 
A ar begins to odapse under it As the star mplede al apr irto 


radius, and could pass the point of no return 


Fig. 6.6 


without noticing it. However, within just a few 
hours, as the region continued to collapse, the 
difference in the gravitational forces on his head 
and his feet would become so strong that again 
it would tear him apart 

The work that Roger Penrose and T did 
between 1965 and 1970 showed that, according 
to general relativity, there must be a singularity 
and 
within a black hole. This is rather like the big 


of infinite density and space-time curvature 


bang at the beginning of time, only it would be 


an end of time for the collapsing body and the 
astronaut. At this singularity the laws of science 


and our ability to predict the future would break 


Fig. 6.6 The effect of the inen 
fa contracting star on the surrounding space can be 
visualized by imagining space to be a sensitive elastic 
The he 
The final gravitational implosion seen here represents 
the singularity of a black hole 


p the deeper the indentation 


down. However, any observer who remained 
outside the black hole would not be affected by 
this failure of predictability, because neither 
light nor any other signal could reach him from 
the singularity, This remarkable fact led Roger 
Penrose to propose the cosmic censorship 
hypothesis, which might be paraphrased as 
“God abhors a naked singularity.” In other 


words, the singularities produced by gravita- 
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The star can til be seen but is close to 


tional collapse occur only in places, like black 


holes, where they are decently hidden from out- 


side view by an event horizon. Strictly, this is 
what is known as the weak cosmic censorship. 
hypothesis: it protects observers who remain 
outside che black hole from the consequences of 
the breakdown of predictability that occurs at 
the singularity, but it does nothing at all for the 
poor unfortunate astronaut who falls into the 
hole. 

There are some solutions of the equations of 
general relativity in which it is possible for our 
astronaut to sec a naked singularity: he may be 
able to avoid hitting the singularity and instead 


fall through a “wormhole” and come out in 


A singularity e formed 


another region of the universe. This would offer 
great possibilities for travel in space and time, 
but unfortunately it seems that these solu 


ons 
may all be highly unstable; the least disturbance, 
such as the presence of an astronaut, may 
change them so that the astronaut could nor see 
the singularity until he hit it and his time came 
to an end. In other words, the singularity would 
always lie in his future and never in his past, The 
strong version of the cosmic censorship hypoth- 
esis states that in a realistic solution, the singu- 
larities would always lie either entirely in the 
future (like the singularities of gravitational col- 
lapse) or entirely in the past (like the big bang) 
1 strongly believe in cosmic censorship so I bet 


two black hole 


PSR 


1913+ 16 


h 


xay show tum neutr 


tational wav 


Kip Thorne and John Preskill of Cal Tech that it 
would always hold. T lost the bet on a technical 
ity because examples were produced of solu 
tions with a singularity that was visible from a 
long way away. So I had to pay up, which 
according to the terms of the bet meant I had to. 
clothe their nakedness. But I can claim a moral 


victory. The naked singularities were unstable 


the least disturbance would cause them either to 
disappear or to be hidden behind an event hori 
zon. So they would not occur in realistic situa 

The event horizon, the boundaty of the 
region of space-time from which it is not possi 
ble to escape, acts rather like a one-way mem 
brane around the black hole: objects, such as 


unwary astronauts, can fall through the event 


horizon into the black hole, but nothing can 
ever get out of the black hole through the event 


horizon, (Remember that the event horizon is 


the path in space-time of light that is trying to 


escape from the black hole, and nothing can 


travel faster than light.) One could well say of 
the event horizon what the poet Dante said of 
the en 


nce to Hell: “All hope abandon, ye who 
enter here.” Anything or anyone who falls 
through che event horizon will soon reach the 
region of infinite density and the end of time. 
General relativity predicts that heavy objects 
that are moving will cause the emission of grav- 
itational waves, ripples in the curvature of space 
that travel at the speed of light, These are simi- 
lar to light waves, which are ripples af the elec- 
tromagnetic field, but they are much harder to 
detect, They can be observed by the very slight 
change in separation they produce between 
neighboring freely moving objects, A number of 
detectors are being built in the U,S., Europe, and 
Japan that will measure displacements of one 
part in a thousand million million million (1 
with twenty-one zeros after it), or less than the 
nucleus of an atom over a distance of ten miles 
Like light, gravitational waves carty energy 
away from the objects that emit them, One 
would therefore expect a system of massive 
objects to settle down eventually to a stationary 
state, because the energy in any movement 
would be carried away by the emission of grav- 
itational waves, (It is rather like dropping a cork 
into water: at first it bobs up and down a great 
deal, but as the ripples carry away its energy, it 


eventually settles down to a stationary state.) 
For example, the movement of the earth in its 
orbit round the sun produces gravitational 
waves. The effect of the energy loss will be to 
change the orbit of the earth so that gradually it 
gets nearer and nearer to the sun, eventually col- 
lides with it, and settles down to a stationary 
state, The rate of energy loss in the case of the 
earth and the sun is very low — about enough 
to run a small electric heater. This means it will 
take about a thousand million million million 
million years for the earth to run into the sun, so. 
there’s no immediate cause for worry! The 
change in the orbit of the earth is too slow to be 
observed, but this same effect has been observed 
over the past few years occurring in the system 
called PSR 1913 + 16 (PSR stands for “pulsar, 
a special type of neutron star that emits regular 


pulses of radio waves). This system contains two. 
neutron stars orbiting each other (Fig. 6.7), and 
the energy they are losing by the emission of 
gravitational waves is causing them to spiral in 
toward each other. This confirmation of general 
relativity won J. H. Taylor and R. A, Hulse the 
Nobel prize in 1993. It will take about three 
hundred million years for them to collide, Just 
before they do, they will be orbiting so fast thar 
they will emit enough geavitational waves for 
detectors like LIGO to pick up. 
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In 1967, however, the study of black holes 
dian 


scientist (who was born in Berlin, brought up in 


was revol 


ionized by Werner Israel, a Ca 


South Africa, and took his doctoral degree in 
Ireland). Isr: 


I showed that, according to gener- 
al relativity, non-rotating black holes must be 
very simple; they were perfectly spherical, their 
size depended only on their mass, and any two 

\ such black holes with the same mass were iden, 
tical, They could, in fact, be described by a par- 


Fig. 68 A rotating “Kerr” black bole bulges around its ticular solution of Einstein's equations that had 
equator as is rate of rotation increases. A rotation of 
zero produces a perfectly round spheroid 


been known since 1917, found by Karl 
Schwarzschild shortly after the discovery of gen- 


During the gr 


itational collapse of a star to — eral rel 


ivity. At first many people, including, 
form a black hole, the movements would be much _ Israel himself, argued that since black holes had 
more rapid, so the rate at which energy is carried — to be perfectly spherical, a black hole could only 
away would be much highe 


It would therefore — form from the collapse of a perfectly spherical 


not be too long before it settled down to a sta- object, Any real star — which would never be 


tionary state. What would this final stage look perfectly spherical — could therefore only col- 


like? One might suppose that it would depend on — lapse to form a naked singularity. 


all the complex features of the star from which it There was, however, a different interpretation 


had formed — not only its mass and rate of rota- _ of Israels result, which was advocated by Roger 
tion, but also the diffe 


nt densities of various Penrose and John Wheeler in particular. They 
parts of the star, and the complicated movements argued that the rapid movements involved in a. 
of the gases within the star. And if black holes — stars collapse would mean that the gravitational 
were as varied as the objects that collapsed to waves it gave off would make it ever more spher- 
form them, it might be very difficult to make any ical, and by the time it had settled down to a sta- 


predictions about black holes in general. tionary state, it would be precisely spherical. 


Spheroidal body Cuboid body Conical bady Body with mountain 
È C 3 sun bulge due to 

Fig, 69 

The final state of the black A black hole Arts ee 

hole depends on its mass and has ro faster it rotates, the more it 

rate of rotation, A large amount of tar bulges (Fig. 6.8). So, to extend 

information about the body that peus ‘ 


eis Israel's result to include rotating 
— e bodies, it was conjectured that any 


According to this view, any non-rotating star, rotating body that collapsed to form a black 


however complicated its shape and internal hole would eventually settle down to a station- 
structure, would end up after gravitational col- — ary state described by the Kerr solution. 

lapse as a perfectly spherical black hole, whose In 1970 a colleague and fellow research stu- 
size would depend only on its mass. Further cal- — dent of mine at Cambridge, Brandon Carter, 


culations supported this view, and it soon came took the first step toward proving this conjec- 
to be adopted generally. ture. He showed that, provided a stationary 

Israel’ result dealt with the case of black — rotating black hole had an axis of symmetry, 
holes formed from non-rotating bodies only. In like a spinning top, its size and shape would 
1963, Roy Kerr, a New Zealander, found a set depend only on its mass and rate of rotation, 
of solutions of the equations of general relativi- — Then, in 1971, I proved that any stationary 
ty that described rotating black holes. These rotating black hole would indeed have such an 
"Kerr" black holes rotate at a constant rate, axis of symmetry. Finally, in 1973, David 
their size and shape depending only on their Robinson at Kings College, London, used 
mass and rate of rotation, If the rotation is zero, Carter’s and my results to show that the conjec- 
the black hole is perfectly round and the solu- — ture had been correct: such a black hole had 
tion is identical to the Schwarzschild solution. If indeed to be the Kerr solution. So after gravita- 
the rotation is non-zero, the black hole bulges — tional collapse a black hole must settle down 
‘outward near its equator (just as the earth or the — into a state in which it could be rotating, but nor 
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pulsating, Moreover, its size and shape would 
depend only on its mass and rate of rotation, 
and not on the nature of the body that had col 


lapsed 10 form it. This result became known by 


the maxim: “A black hole has no h 


eat practical importance, 
because it so greatly restricts the possible types 
of lack holes. One can therefore make detailed 
models of objects that might contain black holes 
and compare the predictions of the models with 
observations. It also means that a very large 
amount of information about the body that has 
collapsed must be lost when a black hole is 
formed, because afterward all we can possibly 
measure about the body is its mass and rate of 
rotation (Fig. 6.9). The significance of this will 
be seen in the next chapter 

Black holes are one of only a fairly small 
number of cases in the history of science in 
which a theory was developed in great detail as 
a mathematical model before there was any evi 
dence from observations thar it was correct 
Indeed, this used to be the main argument of 
opponents of black holes: how could one believe 
in objects for which the only evidence was cal 
culations based on the dubious theory of gener 
al 1963, 


Schmidt, 


relativity? In however, Maarten 


the 
Observatory in California, measured the red 


an astronomer at Palomar 


shift ofa faint starlike 
object in the direction 
of the source of radio 
waves called 30273 
| (that is, source num- 
ber 273 in the third 
| Cambridge catalogue 
of radio sources). He 
found it was too large 
to be caused by a gra 


itational field: if it had been a gravitational red 
shift, the object would have to be so massive. 
and so near to us that it would disturb the orbits 
of planets in the Solar System. This suggested 
that the red shift was instead caused by the 
expansion of the universe, which, in turn, meant. 
that the object was a very long distance away. 
And to be visible at such a great distance, the 
object must be very bright, must, in other 
words, be emitting a huge amount of energy 
The only mechanism that people could think of 
that would produce such large quantities of 
energy seemed to be the gravitational collapse 
mot just of a star but of a whole central region 
of a galaxy. A number of other similar "quasi- 
stellar objects,” or quasars, have been discov- 
ered, all with large red shifts, But they are all too 
far away and therefore too difficult to observe 


to provide conclusive evidence of black holes. 
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Further encouragement for the existence of 


black holes came in 1967 with the discovery by 
a research student at Cambridge, Jocelyn Bell- 
Burnell, of objects in the sky that were emitting 
regular pulses of radio waves, At first Bell and 
her supervisor, Antony Hewish, thought they 
might have made contact with an alien civiliza- 
tion in the galaxy! Indeed, at the seminar at 
which they announced their discovery, I remem- 
ber that they called the first four sources to be. 
found LGM 14, LGM standing for “Little 
Green Men." In the end, however, they and 
everyone else came to the less romantic conclu. 
sion that these objects, which were given the 
name pulsars, were in fact rotating neutron stars 
that were emitting pulses of radio waves because 
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Left: Radio telescope at Jodrell 
Bank, U.K, Pulsars, be 


ful sources of radio waves, a 


identified hy the antennae of such 


‘massive telescopes more e 
than by v 
Opposite: Jocelyn Bell-Burrell a 
member of Antony Heteish's team 
at Cambridge, discovered the frst 
pulsar in 1967. 


tual searches, 


of a complicated interaction between their mag 
netic fields and surrounding matter. This was 
bad news for writers of space westerns, but very 
hopeful for the small number of us who believed 
in black holes at that time: it was the first posi 
tive evidence that neutron stars existed. A neu- 
tron star has a radius of about ten miles, only a 
few times the critical radius at which a star 
becomes a black hole. If a star could collapse to 
such a small size, it is not unreasonable to 
expect thar other stars could collapse to even 
smaller size and become black holes, 

How could we hope to detect a black hole, as 
by its very definition it does not emit any light? 
It might seem a bit like looking for a black cat 


in a coal cellar. Fortunately, there is a way. As 


e» 


John Michell pointed our in his pioneering 
paper in 1783, a black hole still exerts a gravi 
tational force on nearby objects. Astronomers 
have observed many systems in which two stars 
orbit around each other, attracted toward each 
other by gravity. They also observe systems in 
which there is only one visible star that is orbit 
ing around some unseen companion. One can 


not, of course, immediately conclude that the 


companion is a black hole: it might merely be a 
Fig. 6.11 Th mey Star that is too faint to be seen. However, some 


of these systems, like the one called Cygnus X-1 


(Fig. 6.11), are also strong sources of X rays 


The best explanation for this phenomenon is 
that matter has been blown off the surface of the 
visible star. As it falls toward the unseen com: 

n panion, it develops a spiral motion (rather lik 

water running out of a bath), and it gets very 

hot, emitting X rays (Fig 6.12), For this mecha- 


small, like a white dwarf, neutron star, or black 


hole. From the observed orbit of the visible star, 


one can determine the lowest possible mass of 
the unseen object. In the case of Cygnus X-1, 


which, according to Chandrasekhar result, is 


100 great for the unseen object to be a white 


There are other models to explain Cygnus X-1 
that do not include a black hole, bur they are all 
rather far-ferched. A black hole seems to be the 
only really natural explanation of the observa 
tions, Despite this, I had a ber with Kip Thorne 
of the California Institute of Technology that in 
fact Cygnus X-1 does not contain a black hole! 
This was a form of insurance policy for me, 1 
have done a lot of work on black holes, and it 
would all be wasted if it turned out that black 
holes do nor exist. But in thar case, 1 would have 
the consolation of winning my bet, which would 
bring me four years of the magazine Private Eye. 
In fact, although the situation with Cygnus X-1 
has nor changed much since we made the het in 
1975, there is now so much other observational 
evidence in favor of black holes thar I have con- 
ceded the bet. 1 paid the specified 


however, is almost certainly very much higher; 
in the long history of the universe, many stars 
must have burned all their nuclear fuel and have 
had to collapse. The number of black holes may 
well be greater even than the number of visible 
stars, which torals about a hundred thousand 
million in our galaxy alone, The extra gravita- 
tional attraction of such a large number of black. 


holes could explain why Our galaxy rotates at 
the rate it does: the mass of the visible stars is 
insufficient to account for this. We also have 
some evidence that there is a much larger black 
hole, with a mass of about a hundred thousand 
times that of the sun, at the center of our galaxy. 
Stars in the galaxy that come too near this black 
hole will be torn apart by the difference in the 

gravitational forces on their near and 

far sides. Their remains, and gas that 


penalty, which was a an Ot ie is thrown off other stars, will fall 
E 

one-year subscription | Gee Gage pert coward the black hole. As in the 

to Penthouse, to the V Bot 9 7 aie Tine case of Cygnus X-1, the gas will 

outrage of Kip's liberated ord as Kat spiral inward and will heat up, 


wife 

We also now have evi- 
dence for several other 
black holes in systems like 
Cygnus X-1 in our galaxy and 
in two neighboring galaxies 
called the Magellanic Clouds. 


The number of black holes, 


though not as much as in that 


ek WETS casc. It will not get hor enough 
Badger 10 emit X rays, bur it could 


account for the very compact 
source of radio waves and 
infrared rays thar is 
observed at the galact 


center, 


aa 


million times the mass of the sun, occur ar the 


with the Hubble telescope of the galaxy known 


as M87 


reveal that it contains a disk of gas 130 
light-years across rotating about a central object 


two thousand million times the mass of the Sun. 


This can only be a black hole, Matter falling 
into such a supermassive black hole would pro 
ide the ont 


source of power great enough to 


explain the enormous amounts of energy that 
these objects are emitting. As the matter spiral 
into the black hole, it would make the black 
hole rotate in the same direction, causing it to 
develop a magnetic field rather like that of the 


earth. Very high energy particles would be gen 


erated near the black hole by the in-falling mat- 


ter. The magnetic field would be so strong that 


it could focus these particles into jets ejected 


‘outward along the axis of rotation of the black 


n the directions of its north and 

Such jets are indeed observed in a 
alaxies and quasars, One can als 

r the possibility that there might be black 
masses much less than that of the 
black holes could not be formed by 


this low mass can support themselves against 
the force of gravity even when they have 
exhausted their nuclear fuel. Low-mass black 
holes could form only if matter was compressed 
to enor nsities by very large external 
pressures. Such conditions could occur in a very 


big hydrogen bomb: the ph 


sicist John Wheeler 


water in all the oceans of the world, one could 
build a hydrogen bomb that would compress 
matter ar the center so much thar a black hole 
would be created. (Of course, there would be no 
one left to observe it!) A more practical possi- 
bility is that such low-mass black holes might 
have been formed in the high temperatures and 
pressures of the very early universe. Black holes 
would have been formed only if the early uni- 
mooth and uni- 


verse had not been perfectly 


orm, because only a small region that was 
denser than average could be compressed in this 
way to form a black hole. But we know that 
there must have been some irregularities, 
because otherwise the matter in the universe 
would still be perfectly uniformly distributed at 
the present epoch, instead of being clumped 
together in stars and galaxies. 

Whether the 
account for stars and galaxies would have led to 


irregularities required to 


the formation of a significant number of “pri- 


mordial” black holes clearly depends on the 
details of the conditions in the early universe. So 
if we could determine how many primordial 
black holes there are now, we would learn a lot 
about the very early stages of the universe. 
Primordial black holes with masses more than a 
thousand million tons (the mass of a large 
mountain) could be detected only by their grav- 


itational influence on other, visible matter or on 


Fig 6.14 A primordial black hole created by externa, 
rather than internal, pressures, 

Opposite: This Hubble Space Telescope picture of a 
galaxy called NGC 4261, in the Virgo cluster, appears to 
show a disc of dust and gas spiraling in to a massive 
black hole. Calculations based on the speed of the rotat- 
ing gas suggest that the central object 58 12 billion times 
the mass of the sum, yet is mot much larger than our 
Solar System. The picture was taken in January 1996. 


the expansion of the universe, However, as we 
shall learn in the next chapter, black holes are 
not really black after all: they glow like a hot 
body, and the smaller they are, the more they 
glow. So, paradoxically, smaller black holes 
might actually turn out to be easier to detect 


than large ones! 


Black Holes 


EFORE 1970, MY RESEARCH ON GENERAL 


relativity had concentrated mainly on 


B 


been a big bang singularity 


the question of whether or not there had 
However, one 
evening in November that year, shortly after the 


to think 
about black holes as I was getting into bed. My 


birth of my daughter, Lucy, 1 started 


disability makes this rather a slow process, so I 
had plenty of time. At that date there was no 
precise definition of which points in space-time 
lay inside a black hole and which lay outside. 1 
had already discussed with Roger Penrose the 
idea of defining a black hole as the set of events 
from which it was not possible to escape to a 


large distan 


which is now the generally 
accepted definition. It means that the boundary 
of the black hole, the event horizon, is formed 


by the light rays thar just fail to escape from the 


1 The even 
y the light 


"hat just fail to escape from 


Ain't So Black 


| 


— —$— —- 
Distance from sngularity 


Fig. 7.1 


It is a bit like running away from the 


police and just managing to keep one step ahead 


but not being able to get clear away! 

Suddenly T realized that the paths of these 
light rays could never approach one another. If 
must eventually run into 


they did, they e 


another. Ir would be like meeting someone else 


running away from the police in the opposite 
o, 


But if these light 


ald both be caugh in 


direction — you w 


this case, fall into a black hole 


rays were swallowed up by the black hole, t 


they could not have been on the boundary of the 


f light rays in the event 


paralle 
each other, Another way of seeing 


black hole. So the pat 


horizon had always to be m 


away from 


this is that the event horizon, the boundary of 
the black hole, is like the edge of a shadow — 


the shadow of impending doom. If you I 


the shadow cast by a source ar a great distance, 


such as the sun, you will see that the rays of light 


in the edge are nor appr 


If the rays of light that form the event hori 


zon, the boundary can neve 


approach each other, the area of the event hori 


but it could never decrease because that would 


mean that at least some of the rays of light in the 
boundary would have to be approaching each 
other. In fact, the area would increase whenever 
matter or radiation fell into the black hole (Fig, 
7.2). Or if two black holes collided and merged 
together to form a single black hole, the area of 
the event horizon of the final black hole would 


than or equal to the sum of the areas 
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o 


of the event horizons of the original black holes 


(Fig. 7.3). This nondecreasing. property of the 
event horizon's area placed an important restric- 
tion on the possible behavior of black holes. I 
was so excited with my discovery that I did not 
get much sleep thar night. The next day I rang 
up Roger Penrose. He agreed with me. I think, 
in fact, that he had been a 


are of this property 
of the area, However, he had been using a slight- 
ly different definition of a black hole, He had 
not realized that the boundaries of the black 
hole according to the two definitions would be 
the same, and hence so would their areas, pro- 
vided the black hole had settled down to a state 
in which it was not changing with time. 


% 


The nondecreasing behavior of a black hole's 
area was very reminiscent of the behavior of a 
called entropy, which mea- 


physical quantity 
sures the degree of disorder of a system. It is a 
matter of common experience that disorder will 
tend to increase if things are left to themselves. 
(One has only to stop making repairs around the 
house to see thar!) One can create order out of 
disorder (for example, one can paint the house), 
but that requires expenditure of effort or energy 
and so decreases the amount of ordered energy 
available. 

A precise statement of this idea is known as 
the second law of thermodynamics. Ir states that 
the entropy of an isolated system always 
increases, and that when two systems are joined 
together, the entropy of the combined system is 
greater than the sum of the entropies of the indi- 


vidual systems. For example, consider a sys 


rem 


of gas molecules in a box, The molecules can be 
thought of as little billiard balls continually col- 
liding with each other and bouncing off the 
walls of the box. The higher the temperature of 
the gas, the faster the molecules move, and so 
the more frequently and harder they collide with 
the walls of the box and the greater the outward. 


Fig. 74 A box ful of gas molecules, all confined a the 
left-hand side of the box by a partito. 
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Fig. 


pressure they exert on the walls. Suppose that 
initially the molecules are all confined to the 
left-hand side of the box by a partition (Fig. 
7.4). Ifthe partition is then removed, the mole 
cules will tend to spread out and occupy both 
halves of the box (Fig, 7.5). At some later time 
they could, by chance, all be in the right half or 
back in the left half, but it is overwhelmingly 
more probable thar there will be roughly equal 


numbers in the two halves. Such a state is less 


7.5 With the wall removed, the molecn 
des 
Fig. 7.6 A box containing 
The total entropy outside the black hole goes 
the box enters the black hole, th D 
ding the black hol 


Fig 


faut to deved state occupying the whole box 


ds falle into 


e 


ordered, or more disordered, than the original 
state in which all rhe molecules were in one halt 
One therefore says that rhe entropy of the gas 
has gone up. Similarly, suppose one starts with 
two boxes, one containing oxygen molecules 
and the other containing nitrogen molecules. I 


‘one joins the boxes together and removes the 


intervening wall, the oxygen and the nitrogen 


molecules will start to mix. At a later time the 
most probable state would be a fairly uniform 
mixture of oxygen and nitrogen molecules 
throughout the two boxes. This state would be 
less ordered, and hence have more 
entropy, than the initial state of two. 
separate boxes 

The second law of thermodynamics 


has a rather different status than that 


of other laws of science, 


Newton's law of gravity, f 


example, because it 
does nor hold 
always, just 
in the vast 
majority of 
The 
probability of 


all the gas molecules 


n our first box being 


found in one half of 


the box ar a later time is many millions of mil 
lions to one, but it can happen. However, if one 


has a black hole around, there seems to be a 


rather easier way of violating the second law: 
just throw some matter with a lor of entropy, 
such as a box of gas, down the black hole. The 
total entropy of matter outside the black hole 
7:6). One could, of 
course, still say that the total entropy, including 


would go down (see Fig. 


the entropy inside the black hole, has not gone 
down — but since there is no way to look inside 
the black hole, we cannot see how much entropy 
the matter inside it has. It would be nice, then, 
if there was some feature of the black hole by 
which observers outside the black hole could tell 
its entropy, and which would increase whenever 
matter carryi 


entropy fell into the black hole. 
Following the discovery, described above, that 
the area of the event horizon increased whenev 
er matter fell into a black hole, a research stu 
dent ar Princeton named Jacob Bekenstein sug: 
gested that the area of the event horizon was a 


ure of the entropy of the black hole. As 
matter carrying entropy fell into a black hole, 
the are 


of its event horizon would go up, so 
that the sum of the entropy of matter outside 
black holes and the area of the horizons would 
never go down, 


the second 


This suggestion seemed to pre 


‘The Four Laws of Black Hole Mechanies 


JM. Bardeen” 


B. Caner and S. Hawking 


The title page of “The Four Laws of Black Hole 
Mechanics," uritten in 197 


law of thermodynamics from being violated in 
most situations. However, there was one fatal 
flaw. Ifa black hole has entropy, then it ought 
also to have a temperature, But a body with a 
particular temperature must emit radiation ata 
certain rate, Ir is a matter of common experience 
that if one heats up a poker in a fire it glows red 
hot and emits radiation, but bodies at lower 
temperatures emit radiation too; one just docs 


not normally notice it because the amount is 


fairly small. This radiation is required in order 
to prevent violation of the second law. So black 
holes ought to emit radiation. But by their very 
definition, black holes are objects that are not 


supposed to emit anything, It therefore seemed 


that the area of the event horizon of a black hole 
could not be regarded as its entropy. In 1972 1 
wrote a paper with Brandon Carter and an 
in which we 


American colleague, Jim Bardeen, 
pointed out that although there were many sim- 
ilarities between entropy and the area of the 
event horizon, there was this apparently fatal 
difficulty. I must admit that in writing this paper 
1 was motivated partly by irritation with 
Bekenstein, who, 1 felt, had misused my discov- 
ery of the increase of the area of the event hori- 
zon. However, it turned out in the end that he. 
was basically correct, though in a manner he 
had certainly not expected. 

In September 1973, while I was visiting 
Moscow, I discussed black holes with two lead- 
ing Soviet experts, Yakov Zeldovich and 
Alexander Starobinsky. They convinced me that, 
according to the quantum mechanical uncer- 
tainty principle, rotating black holes should cre- 
ate and emit particles. I believed their arguments 
‘on physical grounds, bur I did not like rhe math- 
ematical way in which they calculated the emis- 
sion. I therefore set about devising a better 


mathematical treatment, which I described at an 
informal seminar in Oxford at the end of 
November 1973. Ar that time [had not done the 
calculations to find out how much would actu- 
ally be emitted. I was expecting to discover just 
the radiation that Zeldovich and Starobinsky 


had predicted from rotating black holes. 


However, when I did the calculation, I found, to 


my surprise and annoyance, that even nonrotat- 
ing black holes should apparently create and 
emit particles at a steady rate. Ar first 1 thought 
that this emission indicated that one of the 
approximations I had used was not valid. 1 was 
afraid that if Bekenstein found out about it, he 
would use it as a further argument to support 
his ideas about the entropy of black holes, 
which I still did not like. However, the more I 
thought about it, the more it seemed that the 
approximations really ought to hold. But what 
finally convinced me that the emission was real 
was that the spectrum of the emitted particles 
was exactly that which would be emitted by a 
hot body, and that the black hole was emitting 
particles at exactly the correct rate to prevent 
violations of the second law. Since then the cal- 
culations have been repeated in a number of dif 
ferent forms by other people. They all confirm 
that a black hole ought to emit particles and 
radiation as if it were a hot body with a temper- 


ature thar depends only om the black holes 
mass: the higher the mass, the lower the temper: 

How is it possible that a black hole appears 
to emit particles when we know that nothing 
can escape from within its event horizon? The 
answer, quantum theory tells ws, is that the par- 
ticles do nor come from within the black hole, 
but from the “empty” space just outside the 
black hole’s event horizon! We can understand 
this in the following way: what we think of as 
"empty" space cannot be completely empty 


because that would mean that all the fields, such 


as the gravitational and electromagnetic fields, 
would have to be exactly zero. However, the 
value of a field and its rate of change with time 
are like the position and velocity of a particle: 
the uncertainty principle implies that the more 
accurately one knows one of these quantities, 
the less accurately one can know the other. So in 
empty space the field cannot be fixed at exactly 
zero, because then it would have both a precise. 
value (zero) and a precise rate of change (also 


zero), There must be a certain minimum amount 


of uncertainty, or quantum fluctuations, in the 
value of the field. One can think of these fluctu- 
ations as pairs of particles of light or gravity 
that appear together at some time, move apart, 


Fig. 7.7 


Fig. 7.7 "Empty" space s filled with pairs of virtual pa 
ticles and antiparticles. They are created together, move. 
apart, and come hack together and annihilate. 

Fig. 7-8 Ifa lack Pole is present, ome member of a vir 
tual pair may fall in and become a real particle. The 
other can escape from the vicinity of the black hole 


and then come together again and annihilate 
each other (Fig. 7.7). These particles are virtual 
particles like the particles that carry the gravita 


tional force of the sun: unlike real particles, they 
cannot be observed directly with a particle 
detector. However, their indirect effects, such as 
small changes in the energy of electron orbits in 
atoms, can be measured and agree with the the- 
oretical predictions to a remarkable degree of 
accuracy, The uncertainty principle also predicis 
that there will be similar virtual pairs of matter 
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Fig. 7: 


particles, such as electrons or quarks. In this 
case, however, one member of the pair will be a 
particle and the other an antiparticle (the 
antiparticles of light and gravity are the same as 


the particles) The rate at whieh particles leak 
‘nay creases with the decreas 


Because energy cannot be created out of er 


nothing, one of the partners in a particle/anti- 


particle pair will have positive energy, and the 
other partner negative energy. The one with neg- 
ative energy is condemned to be a short-lived 


virtual particle because real particles always 


Hass of back hole 


have positive energy in normal situations. It 
must therefore seek out its partner and annihi 


late with it. However, a real particle close toa Fig, 7.9 Black holes emit radi 


jon and so lose energy 

massive body has less energy than if it were far and mass at a rate that increases the smaller the black 
Bole becomes. It is thought that eventually the black hole 

will disappear completely m a tremendous explosion. 


away, because it would take energy to lift it far 


away against the gravitational attraction of the 


body. Normally, the energy of the particle is still 
positive, but the gravitational field inside a 
black hole is so strong that even a real particle 
can have negative energy there. It is therefore 
possible, if a black hole is present, for the virtu- 
al particle with negative energy to fall into the 
black hole and become a real particle or antipar- 
ticle. In this case it no longer has to annihilate 
with its partner. Its forsaken partner may fall 
into the black hole as well. Or, having positive 
energy, it might also escape from the vicinity of 
the bl 
(Fig. 7.8). To an observer at a distance, it will 


k hole as a real particle or antiparticle 


appear to have been emitted from the black 
hole. The smaller the black hole, the shorter the 
distance the particle with negative energy will 
have to go before it becomes a real particle, and 
thus the greater the rate of emission, and the 
apparent temperature, of the black hole. 

The positive energy of the outgoing radiation 
would be balanced by a flow of negative energy 
particles into the black hole. By Einstein’s equa- 
tion E = mc? (where E is energy, m is mass, and 
cis the speed of light), energy is proportional to 
mass. A flow of negative energy into the black 
hole therefore reduces its mass. As the black 
hole loses mass, the area of its event horizon gets 
smaller, but this decrease in the entropy of the 


black hole is more than compensated for by the 
entropy of the emitted radiation, so the second 
law is never violated. 

Moreover, the lower the mass of the black 
hole, the higher its temperature, So as the black 
hole loses mass, its temperature and rate of 
emission increase, so it loses mass more quickly 
(Fig. 7.9). What happens when the mass of the 
black hole eventually becomes extremely small 


is not quite clear, but the most reasonable guess 
is that it would disappear completely in a 
tremendous final burst of emission, equivalent 
to the explosion of millions of H-bombs. 

A black hole with a mass a few times that of 
the sun would have a temperature of only one 
ten millionth of a degree above absolute zero. 
This is much less than the temperature of the 
microwave radiation that fills the universe 
(about 2.7° above absolute zero), so such black 
holes would emit even less than they absorb. If 
the universe is destined to go on expanding for- 
ve radia- 


ever, the temperature of the microwa 
tion will eventually decrease to less than that of 
such a black hole, which will then begin to lose 
mass. But, even then, its temperature would be 
so low that it would take about a million million. 
million million million million million million 
million million million years (1 with sixty-six 
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those with slightly greater masses would still be 
‘emitting radiation in rhe form of 3 
gamma rays. These X rays and gamma rays are 


rays and 


like waves of light, but with a much shorter 
wavelength. Such holes hardly deserve the epi- 
thet black: they really are white hor and are 
emitting energy at a rate of about ten thousand. 
megawatts. 

One such black hole could run ten large 
power stations, if only we could harness its 
power. This would be rather difficult, however: 
the black hole would have the mass of a moun- 
tain compressed into less than a million mil- 
lionth of an inch, the size of the nucleus of an 
atom! If you had one of these black holes on the 
surface of the earth, there would be no way to 
stop it from falling through the floor to the cen- 
ter of the earth, It would oscillate through the 
earth and back, until eventually it sertled down 
at the center, So the only place to put such a 
black hole, in which one might use the energy 
thar it emitted, would be in orbit around the 
earth — and the only way that one could get it 
to orbit the earth would be to attract it there by 
towing a large mass in front of it, rather like a 
7.10). This does 
not sound like a very practical proposition, at 


carrot in front of a donkey (Fi 


least nor in the immediate future. 


Fig. 7.11 


But even if we cannot harness the emission 
from these primordial black holes, what are our 
chances of observing them? We could look for 
the gamma rays that the primordial black holes 
emit during most of their lifetime. Although the 
radiation from most would be very weak 
because they are far away, the total from all of 
them might be detectable. We do observe such a 
background of gamma rays: Fig. 7.11 shows 
how the observed intensity differs at different 


Frequencies (the number of waves per second). 


However, this background could have been, and 
probably was, generated by processes other chan 
primordial black holes. The dotted line in Fig, 
7.11 shows how the intensity should vary with 
frequency for gamma rays given off by primor- 
dial black holes, if there were on average 300 
per cubic light-year. One can therefore say that 
the observations of the gamma ray ba 


kground 


do nor provide any positive evidence for pri- 
mordial black holes, bur they do tell us that on 
average there cannot be more than 300 in every 
cubic light-year in the universe. This limit means 
that primordial black holes could make up ar 
most one millionth of che matter in the universe. 

With primordial black holes being so scarce, 
it might seem unlikely that there would be one 
near enough for us to observe as an individual 
source of gamma rays. But since gravity would 
draw primordial black holes toward any matter, 
they should be much more common in and 
around galaxies. So although the gamma ray 
background tells us that there can be no more 
than 300 primordial black holes per cubic light- 
¡car on average, it tells us nothing about how 


common they might be in our own galaxy. If 


they were, say, a million times more con 


than this, then the nearest black hole ro us 


would probably be at a distance of about a 


thousand million kilometers, or about as far 
away as Pluto, the farthest known planet, At 


this distance it would still be very difficult to 


detect the steady emission of a black hole, even 
if it was ten thousand megawatts. In order to 
observe a primordial black hole one would have 
to detect several gamma ray quanta coming 
from the same direction within a reasonable 
space of time, such as a week, Otherwise, they 
might simply be part of the background, But 
Planck’s quantum principle tells us that each 
gamma ray quantum has a very high energy, 


because gamma rays have a very high frequency, 
so it would not take many quanta to radiate 
even ten thousand megawatts. And to observe 
these few coming from the distance of Pluto 
would require a larger gamma ray detector than 
any that have been constructed so far. Moreover, 
the det 


gamma rays cannot penetrate the atmosphere. 


tor would have to be in space, because 


Of course, if a black hole as close as Pluto 
were to reach the end of its life and blow up it 
would be easy to detect the final burst of emis- 
sion. But if the black hole has been emitting for 
the last ten or twenty thousand million years, 
the chance of it reaching the end of its life with- 
in the next few years, rather than several million 


years in the past or future, is really rather small! 
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So in order to have a reasonable chance of see- 


ing an explosion before your research grant ran 
out, you would have to find a way to detect any 
explosions within a distance of about one light 
year. In fact bursts of gamma rays from space 
have been detected by satellites originally con- 
steucted to look for violations of the Test Ban 
Treaty. These seem to occur about sixteen times 
a month and to be roughly uniformly distrib- 
uted in direction across the sky. This indicates 
that they come from outside the solar system 
since otherwise we would expect them to be 


concentrated towards the plane of the orbits of 
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Professor Stephen Hawking at Cambridge, 
when he was writing the first edition of 
Brief History of Time." 


the planets, The uniform distribution 


also indicates that the sources are 


either fairly near to us in our galaxy 
or right outside it at cosmological dis- 
tances because otherwise, again, they 
would be concentrated towards the 
plane of the galaxy, In the latter case, 
the energy required to account for the 
bursts would be far too high to have 
been produced by tiny black holes, 
but if the sources were close in galac: 
tic terms, it might be possible that they were 
exploding black holes. I would very much like 
this to be the case bur I have to recognize that 
there are other possible explanations for the 
gamma ray bursts, such as colliding neutron 
stars. New observations in the next few years, 
particularly by gravitational wave detectors like 
LIGO, should enable us to discover the origin of 
the gamma ray bursts. 

Even if the search for primordial black holes 
proves negative, as it seems it may, it will still 
give us important information about the very 
early stages of the universe. If the early universe 


had been chaotic or irregular, or if the 
pressure of matter had been low, one 
would have expected it to produce many 
more primordial black holes than the 
limit already set by our observations of 
the gamma ray background, Only if the 
carly universe was very smooth and uni- 
form, with a high pressure, can one 
explain the absence of observable num 
bers of primordial black holes. 

‘The idea of radiation from black 
holes was the first example of a predic 
tion that depended in an essential way 
on both the great theories of this centu 
ry, general relativity and quantum 
mechanics. It aroused a lor of opposition 
initially because it upset the existing 


viewpoint: “How can a black hole emit 


anything?" When 1 first announced the 
results of my calculations at a conter 
ence at the Rutherford-Appleron 
Laboratory near Oxford, 1 was greeted 
with general incredulity. At the end of 
my talk the chairman of the session, 
John G. Taylor from Kings College, 
London, claimed it was all nonsense, He 


even wrote a paper to that effect. 


However, in the end most people, including 
John Taylor, have come to the conclusion that 
black holes must radiate like hot bodies if our 
other ideas about general relativity and quan- 
tum mechanies are correct, Thus, even though 
we have nor yer managed to find a primordial 
black hole, there is fairly general agreement that 
if we did, it would have to be emitting a lot of 
gamma rays and X rays 

‘The existence of radiation from black holes 
seems to imply thar gravitational collapse is not 
as final and irreversible as we once thought, If 
an astronaut falls into a black hole, its mass will 
increase, but eventually the energy equivalent of 
thar extra mass will be returned to the universe 
7.12). Thus, in a 


in the form of radiation (Fi 
sense, the astronaut will be "recycled." It would 
be a poor sort of immortality, however, because 
any personal concept of time for the astronaut 
Would almost certainly come ro an end as he 
was torn apart inside the black hole! Even the 
types of particles that were eventually emitted 
by the black hole would in general be different 
from those that made up the astronaut: the only 
feature of the astronaut that would survive 
would be his mass or energy, 

‘The approximations | used to derive the 


emission from black holes should work well 
when the black hole has a mass greater than a 
fraction of a gram. However, they will break 
down at the end of the black hole’ life when its 
mass gets very small. The most likely outcome 
seems to be that the black hole will just disap- 
pear, at least from our region of the universe, 
taking with it the astronaut and any singularity 
there might be inside it, if indeed there is one. 
This was the first indication that quantum 
mechanics might remove the singularities that 
were predicted by general relativity, However, 
the methods that Land other people were using 
in 1974 were not able to answer questions such 
as whether singularities would occur in quan: 
onward T therefore 


tum gravity. From 1 
started to develop a more powerful approach to. 
quantum gravity based on Richard Feynman’s 
idea of a sum over histories. The answers thar 
this approach suggests for the origin and fate of 
the universe and its contents, such as astronauts, 
will be described in the next two chapters. We 
shall see that although the uncertainty principle 
places limitations on the accuracy of all our pre- 
dictions, it may at the same time remove the fun- 
damental unpredictability that occurs at a 


space-time singularity. 
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The Origin and Fate of the Universe 


INSTEIN'S GENERAL THEORY of relativity, cannot be ignored? Does the universe in fact 
on its own, predicted that space-time — have a beginning or an end? And if so, what are 


hang singularity and — they like? 


ur the 1970s I had been mainly 


would come to an end either at the big crunch Throw 
singularity (if the whole universe recollapsed), studying black holes, but in 1981 my interest in 


or at a singularity inside a black hole (if a local 


egion, such as a star, were to collapse). Any 
matter that fell into the hole would he destroyed 
at the singularity, and only the gravitational 


effect of its mass woul 


side, On the other hand, when quantum effects 
ere taken into account, it seemed that the mass 


or energy of the matter wou 
returned to the rest of the universe, and that the 
black he 


would evaporate away and finally disappear 


arities? What really happens during the very 


Paul in 1981 
ong that quantum effects 
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questions about the origin and fate of the uni- 
verse was reawakened when 1 attended a con- 
ference on cosmology organized by the Jesuits in 
the Vatican. The Catholic Church had made a 
bad mistake with Galileo when it tried to lay 
down the law on a question of science, declaring 
that the sun went round the earth. Now, cen- 
turies later, it had decided to invite a number of 
experts to advise it on cosmology. At the end of 
the conference the participants were granted an. 
audience with the Pope. He told us thar it was 
all right to study the evolution of the universe 
after the big bang, but we should not inquire 
into the big bang itself because that was the 
moment of Creation and therefore the work of 
God. I was glad then that he did not know the 
subject of the talk I had just given at the confer- 
ence — the possibility that space-time was finite 
but had no boundary, which means that it had 
no beginning, no moment of Creation. 1 had no 
desire to share the fate of Galileo, with whom I 
feel a strong sense of identity, partly because of 
the coincidence of having been born exactly 300 
years after his death! 

In order to explain the ideas that T and other 
people have had about how quantum mechanics 
may affect the origin and fate of the universe, it 


Each time the si 
double, temperature 


Fig, 8.1 


is necessary first to understand the generally 
accepted history of the universe, according to. 
what is known as the “hor big bang model.” 
(See Fig. 8.2 on page 148.) This assumes that the 
universe is described by a Friedmann model, 
right back to the big bang. In such models one. 


lear bomb test at Bik 


finds that as the universe expands, any matter or 
radiation in it gets cooler. (When the universe 
doubles in size, its temperature falls by half. See 


8.1.) Since temperature is simply a measure 


of the average energy — or speed — of the par- 


ticles, this cooling of the universe would have a 


major effect on the matter in it. At very high 


temperatures, particles would be moving 
around so fast that they could escape any attrac 
tion toward each other due to nuclear or elec- 
tromagnetic forces, but as they cooled off one 
would expect particles that attract each other to 


her. Moreover, even the 


start to clump to 
types of particles chat exist in the universe 
would depend on the temperature, At high 
enough temperatures, particles have so much 


energy that whenever they collide many differ 
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ent particle/antiparticle pairs would be pro- 
duced — and although some of these particles 
would annihilate on hitting antiparticles, they 
would be produced more rapidly than they 
could annihilate. At lower temperatures, howev- 
articles have less energy 


ticlelanriparticle pairs would be produced less 
quickly — and annihilation would become 
faster than production. 

At the big bang itself the universe is thought 
to have had zero size, and so to have been infi 
nitely hot. Bur as the universe expanded, the 
temperature of the radiation decreased. One sec 
ond after the big bang, it would have fallen to 
about ten thousand million degrees. This is 


about a thousand times the temperature at the 


center of the sun, but temperatures as high as 
this are reached in H-bomb explosions. At this 
time the universe would have contained mostly 
photons, electrons, and neutrinos (extremely 
light particles that are affected only by the weak 
and their antiparticles, 


As 


force and gravity) 
together with some protons and neutrons. 
the universe continued to expand and the tem- 
perature to drop, the rate at which electron/ant. 
electron pairs were being produced in collisions 
would have fallen below the rate at which they 


destroyed by annihilation, So most 


were bein 


of the electrons and antielectrons would have 


ve Gamow emerges in this collage as the 
the hos 
big bang. It was Gamow an 


al primordial materi 
Ralph Alpher, 
t prop 


+ bottle of *Vlem, 
al of th 


that the universe 


annihilated with each other to produce more 
photons, leaving only a few electrons left over. 


The neutrinos and antineutrinos, howei 


would not have annihilated with each other, 
because these particles interact with themselves 
and with other particles only very weakly. So 
they should still be around today. If we could 
observe them, it would provide a good test of 
this picture of a very hot early stage of the uni- 
their energies nowadays 


verse. Unfortunately 


would be too low for us to observe them direct- 


[s 
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Quantum 
laws of ph 
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ly. However, if neutrinos are not massless, but 
have a small mass of their own, as suggested by 
some recent experiments, we might be able to 
detect them indirectly: they could be a form of 
“dark matter,” like that mentioned earlier, with 
sufficient gravitational attraction to stop the 
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expansion of the universe and cause it to col- 
lapse again. 

About one hundred seconds after the big 
bang, the temperature would have fallen to one 
thousand million degrees, the temperature inside 
the hottest stars. At this temperature protons 
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decouple 


Matter and radiation | | Matter and r 


and neutrons would no longer have sufficient 
energy to escape the attraction of the strong 
nuclear force, and would have started to com 
bine together to produce the nuclei of atoms of 
deuterium (heavy hydrogen), which contain one 
proton and one neutron. The deuterium nuclei 
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would then have combined with more protons 
and neutrons to make helium nuclei, which con: 
tain two protons and two neutrons, and also 
small amounts of a couple of heavier elements, 


lithium and beryllium. One can calculate thar in 


the hor big bang model about a quarter of the 


ed into helium nuclei, along with a small 


into protons, which are the nuclei of ordinary 
hydrogen atoms 

This picture of a hot early stage of the uni 
ere was first put forward by the scientist 
George Gamow in a famous paper written in 
1 Ralph Alpher 


Gamow had quite a sense of humor — he per 


waded the nuclear scientist Hans Bethe to add 
his name to the paper to make the list of authors 
Alphe 


Bethe, Gamow,” like the first three let 


he Greek alphabet, alpha, beta, gamma 


ticularly appropriate for a paper on 


ning of the universe! In this paper they 


stages of the universe should still be 


a few degrees above absolute zero (-273°C), It 
nd Wilson 


At the time that Alpher, Bethe 


was this radiation that Penzias 
found in 1965, 


and Gamow wrote their paper, not much was 


known about the nuclear reactions of protons 
ind neutrons, Predictions made for the propor 
tions of various elements in the early universe 
were therefore rather inaccurate, but these cal 
culations have been repeated in the light of bet 


ter knowledge and now agree very well with 


what we observe, It is, moreover, very difficult 
to explain in any other way why there should be 


so much helium in the universe, We are there 


fore fairly confident that we have the right pie 
ture, at least hack to about one second after the 
big bang, 

Within only a few 
hours of the big bang, the 
production of helium and 
other elements would 
have stopped. And after 
that, for the next million 
years or so, the universe 
would have just continued 
expanding, without any 


thing much happening, 


Eventually, once the temperature had dropped. 
a few thousand degrees, and electrons and nucle 


electromagnetic attraction between them, they 
would have started combining to form atoms. 
The universe as a whole would have continued 


expanding and cooling, but in regions that were 


slightly denser than average, the expansion 
would have been slowed down by the extra 


gravitational attraction. This would eventually 


stop expansion in some regions and cause them 


to start to recollapse. As they were collapsing, 


the gravitational pull of matter outside these 


regions might start them rotating slightly. As the 


collapsing region got smaller, it would spin 
faster — just as skaters spinning on ice spin 
faster as they draw in their arms. Eventually, 
when the region got small enough, it would be 
spinning fast enough to balance the attraction of 
gravity, and in this way disklike rotating galax- 
ies were born (Fig. 8.3). Other regions, which 
did not happen to pick up a rotation, would 
become oval-shaped objects called elliptical 
galaxies. In these, the region would stop col- 
lapsing because individual parts of the galaxy 
would be orbiting stably round its center, but 
the galaxy would have no overall rotation. 

As time went on, the hydrogen and helium. 
gas in the galaxies would break up into smaller 
clouds that would collapse under their own 
gravity. As thes 
within them collided with one another, the tem. 


contracted, and rhe a 


perature of the gas would increase, until eventu- 
ally it became hot enough to start nuclear fusion 
reactions. These would convert the hydrogen 
into more helium, and the heat given off would 
raise the pressure, and so stop the clouds from 
contracting any further, They would remain sta- 
ble in this state for a long time as stars like our 
sun, burning hydrogen into helium and radiat 


gy as heat and light. More 


ing the resulting. 
massive stars would need to be hotter to balance 


«a 19872. The central 
isan expanding doughnut of material blown off by 


Above: The aftermath of superm 


explosion. The central spot is à new neutron star. 
Opposite: New stars being born inside clouds of dust 
and gas in the Eagle Cluster. Both of these photos were- 
taken by the Hubble Space Telescope 
repaired in orbit (inset 


seen bein 


their stronger gravitational attraction, making 
the nuclear fusion reactions proceed so much 
more rapidly that they would use up their 
hydrogen in as little as a hundred million years. 
They would then contract slightly, and as they 
heated up further, would start to convert helium 
into heavier elements like carbon or oxygen. 
This, however, would not release much more 


energy, so a crisis would occur, as was described 


in the chapter on black holes. What happens 
next is not completely clear, but it seems likely. 
that the central regions of the star would col- 
apse to a very dense state, such as a neutron 
star or black hole. The outer regions of the star 
may sometimes get blown off in a tremendous 
explosion called a supernova, which would out- 
shine all the other stars in its galaxy. Some of the 
heavier elements produced near the end of the 
stars life would be flung back into the gas in the 
galaxy, and would provide some of the raw 
material for the next generation of stars. Our 


‘own sun contains about 2 percent of these heav 


ier elements because it is a second- or third-gen- 
eration star, formed some five thousand million 
years ago out of a cloud of rotating gas contain: 
ing the debris of earlier supernovas. Most of the 
gas in that cloud went to form the sun or gor 
blown away, but a small amount of the heavier 
elements collected together to form the bodies 
that now orbit the sun as planets like the earth. 
tially very hot and without 


The earth was i 
an atmosphere. In the course of time it cooled 
and acquired an atmosphere from the emission. 
of gases from the rocks. This early atmosphere. 
was not one in which we could have survived. It 
contained no oxygen, but a lot of other gases 
that are poisonous to us, such as hydrogen sul- 


fide (the gas that gives rotten eggs their smell) 
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There are, however, other primitive forms of life 
that can flourish under such conditions. It is 
thought that they developed in the oceans, pos- 
sibly as a result of chance combinations of 
atoms into large structures, called macromole- 
cules, which were capable of assembling other 
atoms in the ocean into similar structures. They 
would thus have reproduced themselves and 
multiplied. In some cases there would be errors 
in the reproduction. Mostly these errors would 
have been such that the new macromolecule 
could not reproduce itself and eventually would 
have been destroyed. However, a few of the 
errors would have produced new macromole- 
cules thar were even better at reproducing them- 
They 
advantage and would have tended to replace the 


selves. would have therefore had an 
original macromolecules. In this way a process 
of evolution was started that led to the develop- 
ment of more and more complicated, self-repro- 


ducing organisms. The first primitive forms of 


life consumed various materials, including 
hydrogen sulfide, and released oxygen. This 
gradually changed the atmosphere to the compo- 
sition that it has today, and allowed the develop- 
ment of higher forms of life such as fish, reptiles, 
mammals, and ultimately the human race. 

This picture of a universe that started off 


very hot and cooled as it expanded is in agree- 


ment with all the observational evidence that we (2) Why is the universe so uniform on a large 
have today. Nevertheless, it leaves a number of — scale? Why does it look the same ar all points of 
important questions unanswered (Fig. 8.4 pace and in all directions? In particular, why is 


(1) Why was the early universe so hot? the temperature of the microwave background 


The Ancient of Days” by William Blake (1757-182: 


radiation so nearly the same when we look in 


different directions? It is a bit like aski 


ag a num- 
ber of students an exam question. If they all give 


iswet, you can be pretty sure 
they have communicated with each other: Yer, in 


the model described above, there would nor 


have been time since the big bang for light to get 
from one distant region to another, even though 
the regions were close together in the early uni 
verse. According to the theory of relativity, if 
light cannot get from one region to another, no 
other information can. So there would be no 
way in which different regions in the early uni 
verse could have come to have had the same 
temperature as each other, unless for some unex 
plained reason they happened to start out with 
the same temperature 

(3) Why did the universe start aut with so 
nearly the eritical rate of expansion that sepa: 
rates models that recollapse from those that go. 
on expanding forever, that even now, ten thou 
sand million years later, it is still expanding ar 
nearly the eritical rate? If the rate of expansion, 
one second after rhe big bang had been smaller 
by even one part in a hundred thousand million. 
million, the universe would have recollapsed 
before it ever reached its present size. 

(4) Despite the fact that the universe is so 
uniform and homogeneous on a large scale, it 
contains local irregularities, such as stars and 
galaxies. These are thought to have developed 
from small differences in the density of the early 
universe from one region to another. What was 


the origin of these density fluctuations? 


The general theory of relativity, on its own, 
cannot explain these features or answer these 
questions because of its prediction that the uni- 
verse started off with infinite density at the big 
bang singularity. At the singularity, general rela- 
tivity and all other physical laws would break 
down: one couldn't predict what would come 
‘out of the singularity. As explained before, this 
means that one might as well cut the big hang, 
and any events before it, out of the theory, 
because they can have no effect on what we 
observe. Space-time would have a boundary — 
a beginning at the big bang. 

Science seems to have uncovered a set of laws 
thar, within the limits ser by the uncertainty 
principle, tell us how the universe will develop 
with time, if we know its state ar any one time. 
‘These laws may have originally been decreed by 
God, but it appears that he has since left the uni- 
verse to evolve according to them and does not 
now intervene in it, But how did he choose the 
initial state or configuration of the universe? 
What were the “boundary conditions” at the 


beginning of time? 


One possible answer is to say that God chose. 
the initial configuration of the universe for rea- 
sons that we cannot hope to understand. This. 
would certainly have been within the power of 


an omnipotent being, but if he had started it off 
in such an incomprehensible way, why did he 
choose to let it evolve according to laws that we 
could understand? The whole history of science 
has been the gradual realization that events do 
not happen in an arbitrary manner, but chat they 
reflect a certain underlying order, which may or 


may not be divinely inspired, It would be only 
natural to suppose that this order should apply 
mot only to the laws, bur also to the conditions 
at the boundary of space-time that specify the 
initial state of the universe. There may be a large 
number of models of the universe with different 
initial conditions that all obey the laws. There 
ought to be some principle that picks out one 
initial state, and hence one model, to represent 


One such possibility is what are called chaot- 


ic boundary conditions, These implicitly assume 
either that the universe is spatially infinite or 
that there are infinitely many universes. Under 
chaotic boundary conditions, the probability of 
finding any particular region of space in any 
given configuration just after the big bang is the 
same, in some sense, as the probability of find- 
ing it in any other configuration: the initial state 
of the universe is chosen purely randomly. This 
would mean that the early universe would have 


en very chaotic and irregular 


are many more chaotic and disor 


ration is equally probable, it is likely that the 
universe started out in a chaotic and disordered 
state, simply because there are so many more of 
them.) It is difficult to see how such chaotic 


tial conditions could have given rise to a uni 
verse that is so smooth and regular on a large 
scale as ours is today. One would also have 
expected the density fluctuations in such a 
model to have led to the formation of many 
more primordial black holes than the upper 
limit that has been set by observations of the 
gamma ray background. 

If the universe is indeed spatially infinite, or 
if there are infinitely many universes, there 
would probably be some large regions some- 
where that started out in a smooth and uniform 
manner. It is a bit like the well-known horde of 
monkeys hammering away on typewriters — 
most of what they write will be garbage, but 
very occasionally by pure chance they will type 
out one of Shakespeare's sonnets, Similarly, in 
the case of the universe, could it be that we are 
living in a region that just happens by chance to 
be smooth and uniform? Ar first sight this might 
seem very improbable, because such smooth 
regions would be heavily outnumbered by 
chaotic and irregular regions. However, suppose 
that only in the smooth regions were galaxies 
and stars formed and were conditions right for 


the development of complicated self-replicating 
organisms like ourselves who were capable of 


asking the question: why is the universe so 


smooth? This is an example of the application of 
what is known as the anthropic principle, which 
can be paraphrased as “We see che universe che 
way it is because we exist.” 

There are two versions of the anthropic prin- 
ciple, the weak and the strong. The weak 


anthropic principle states that in a universe that 


is large or infinite in space and/or time, the con- 
ditions necessary for the development of intelli 
gent life will be met only in certain regions that 
are limited in space and time, The intelligent 
beings in these regions should therefore not be 
surprised if they observe that their locality in the 
universe satisfies the conditions that are neces- 
sary for their existence, It is a bit like a rich per- 
son living in a wealthy neighborhood not seeing 
any poverty 

One example of the use of the weak anthrop- 
ic principle is to “explain” why the big bang 
occurred about ten thousand million years ago. 
— it takes about that long for intelligent beings 
to evolve. As explained above, an early genera- 
tion of stars first had to form. These stars con- 
verted some of the original hydrogen and helium 
into elements like carbon and oxygen, out of 
which we are made, The stars then exploded as 
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supernovas, and their debris went to form other 
stars and planets, among them those of our 


Solar System, which is about five thousand mil- 


lion years old. The first one or two thousand 
million years of the earth's existence were too 
hot for the development of anything complicat- 
ed, The remaining three thousand million years 
or so have been taken up by the slow process of 
biological evolution, which has led from the 
simplest organisms to beings who are capable of 
‘measuring time back to the big bang, 

Few people would quarrel with the validity 
or utility of the weak anthropic principle. Some, 
however, go much further and propose a strong, 
version of the principle (Fig. 8.5). According to 
this theory, there are either many different uni- 
verses or many different regions of a single uni 
verse, each with its own initial configuration 
and, perhaps, with its own set of laws of science 
In most of these universes rhe conditions would 
not be right for the development of complicated 
organisms; only in the few universes that are like 
ours would intelligent beings develop and ask 


the question, "Why is rhe universe the way we 


sec it?” The answer is then simple: if it had been. 
different, we would not be here! 

The laws of science, as we know them at pre- 
sent, contain many fundamental numbers, like 


the size of the electric charge of the electron and 


the ratio of the masses of the proton and the. 
electron. We cannot, at the moment at least, 
predict the values of these numbers from theory 
— we have to find them by observation. It may 
be that one day we shall discover a complete 
unified theory that predicts them all, but it is 
also possible that some or all of them vary from. 
universe to universe or within a single universe. 
The remarkable fact is that the values of these 
numbers seem to have been very finely adjusted 
to make possible the development of life. For 


example, if the electric charge of the electron 
had been only slightly different, stars either 
would have been unable to burn hydrogen and 
helium, or else they would not have exploded. 
Of course, there might be other forms of intelli- 
gent life, not dreamed of even by writers of sci- 
ence fiction, that did not require the light of a 
star like the sun or the heavier chemical ele- 
ments that are made in stars and are flung back 
into space when the stars explode. Nevertheless, 
it seems clear that there are relatively few ranges 
of values for the numbers that would allow the 
development of any form of intelligent life, 
Most sets of values would give rise to universes 
thar, although they might be very beautiful, 
would contain no one able to wonder at that 
beauty. One can take this either as evidence of a 


divine purpose in Creation and the choice of the 
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laws of science or as support for the 


anthropie principle 


re are a number of objections that 
one can raise to the strong anthropic prin. 
ciple as an explanarion of the observed 
state of the universe. First, in what sense 
can all these different universes be said ro 
exist? If they are really separate from each 
other, what happens in another universe 
can have no observable consequences in 
our own universe. We should therefore 
use the principle of economy and cut them 
out of the theory. If, on the other hand, 
they are just different regions of a single 


universe, the laws of science would have 


to be the same in each region, because oth- 
erwise one could not move continuously 
from one region to another. In this case 
the only difference between the regions 
would be their initial configurations and 
so the strong anthropic principle would 
reduce to the weak one 

A second objection to the strong 
anthropie principle is that it runs against 
the tide of the whole history of science 
We have developed from the geocentric 
cosmologies of Ptolemy and his forebears, 
through the heliocentric cosmology of 


Copernicus and Galileo, to the modern 


Fig, 8.7 Im the hot big bang model the rate of expansion ts always 
sereasing with tune, but inthe inflationary model the rate of expansion. 


nly stages, 


Increases rapidly in 


picture in which the earth is a medium-sized 


planet orbiting around an average star in the 
outer suburbs of am ordinary spiral galaxy, 
which is itself only one of about a million mil- 
lion galaxies in the observable universe (Fig. 
8.6). Yet the strong anthropic principle would 


claim that this whole vast construction exists 
simply for our sake. This is very hard to believe. 
Our Solar 


our existen, 


stem is certainly a prerequisite for 


', and one might extend this to the 
whole of our galaxy to allow for an earli 


gen- 
eration of stars that created the heavier ele- 
ments. But there does not seem to be any need 
for all those other galaxies, nor for the universe 
to be so uniform and similar in every direction 
on the large scale 

One would feel happier about the anthropie 
principle, at least in its weak version, if one 
‘could show that quite a number of different ini- 
ld have 


evolved to produce a universe like the one we 


tial configurations for the universe we 


observe. If this is the case, a universe that devel- 
oped from some sort of random initial condi- 
tions should contain a number of regions that 
are smooth and uniform and are suitable for the 
evolution of intelligent life. On the other hand, 
if the initial state of the universe had to be cho- 
sen extremely carefully to lead ro something like 
what we see around us, the universe would be 


unlikely to contain any region in which life 
would appear. In the hot hig hang model 
described above, there was not enough time in 
the early universe for heat to have flowed from 
‘one region to another, This means that the 


tial state of the universe would have to have had 
exactly the same temperature everywhere in 
‘order to account for the fact that the microwave 
background has the same temperature in every 
direction we look. The initial rate of expansion 
also would have had to be chosen very precisely 
for the rate of expansion still to be so close to 


the critical rate needed to avoid recollapse, This 
means that the initial state of the universe must 
have been very carefully chosen indeed if the hor 
big bang model was correct right hack to the 
beginning of time. It would be very difficult to 
explain why the universe should have begun in 
just this way, except as the act of a God who 
intended to create beings like us. 

In an attempt to find a model of the universe 
in which many different initial configurations 
could have evolved to something like the present 
universe, a scientist at the Massachusetts 
Institute of Technology, Alan Guth, suggested 
that the early universe might have gone throngh 
a period of very rapid expansion. This expan- 
sion is said to be “inflationary,” meaning that 
the universe at one time expanded at an increas: 


Fig. 88 The rapid expansion of the universe m the first 
fraction of a second would flatten the unwerse and make 
the expansion almost the critical value 


ing rate rather than the decreasing rate that it 
does today (Fig. 8.7). According to Guth, the 
radius of the universe increased by a million mil- 
lion million million million (1 with thirty zeros 
after it) times in only a tiny fraction of a second. 

Guth suggested that the universe started out 
from the big bang in a very hot, but rather 
chaotic, state. These high temperatures would 
have meant that the particles in the universe 
would be moving very fast and would have high 
energies. As we discussed earlier, one would 


expect thar at such high temperatures the strong, 


and weak nuclear forces and the electromagnet- 
ic force would all be unified into a single force, 
As the universe expanded, it would cool, and 
particle energies would go down. Eventually 
there would be what is called a phase transition 
and the symmetry between the forces would be 
broken: the strong force would become different 
from the weak and electromagnetic forces. One 
common example of a phase transition is the 
freezing of water when you cool it down. Liquid 
water is symmetrical, the same at every point 


and in every di 


on. However, when ice erys- 
tals form, they will have defi 


positions and 


will be lined up in some direction. ‘This breaks 


water's symmetry, 


In the case of water, if one is care 


il, one can 
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“supercool” it: that is, one can reduce the tem- 


perature below the freezing point (0°C) without 
ice forming. Guth suggested that the universe 
might behave in a similar way: the temperature 
might drop below the critical value withour the 
symmetry between the forces being broken. IF 
this happened, the universe would be in an 
unstable state, with more energy than if the sym 
metry had been broken, This special extra ener 
gy can be shown to have an antigravitational 
effect: it would have acted just like the cosmo- 
logical constant that Einstein introduced into 
general relativity when he was trying to con- 
struct a static model of the universe. Since the 
universe would already be expanding just as in 


the hor big bang model, the repulsive effect of 


à 


this cosmological constant would therefore have 


made the universe expand at an ever-increasing 
rate. Even in regions where there were more 


matter particles than average, the gravitational 


attraction of the matter would have been out 
weighed by the repulsion of the effective cosmo: 
[ 


expand in an accelerating inflarionary manner 


ical constant. Thus these regions would also. 


As they expanded and the matter particles gor 
farther apart, one would be left with an expand. 


and was still in che supercooled state. Any irreg- 


ularities in the universe would simply have been 
smoothed our by the expansion, as the wrinkles 
in a balloon are smoothed away when you blow 


it up (Fig. 8.8). Thus the present smooth and 


uniform state of the universe could have evolved 
from many different non-uniform initial states, 
In such a universe, in which the expansion 
was accelerated by a cosmological constant 
rather than slowed down by the gravitational 
attraction of matter, there would be enough time 
for light to travel from one region to another in 


the early universe. This could provide a solution 


to the problem, raised earlier, of why different 
regions in the early universe have the same prop- 
erties, Moreover, the rate of expansion of the 
universe would automatically become very close 
to the critical rate determined by the energy den- 


sity of the universe, This could then explain why 
the rate of expansion is still so close to the erit- 


ical rate, without having to assume that the i 


tial rate of expansion of the uni 


erse was very 
carefully chosen. 

The idea of inflation could also explain why 
there is so much matter in the universe. There 
are something like ten million million million 
million million million million million million 
million million million million million (1 with 
eighty zeros after it) particles in the region of the. 
universe that we can observe. Where did they all 
come from? The answer is that, in quantum the- 


‘ory, particles can be created our of energy in the 


form of particle/antiparticle pairs, But that just 
raises the question of where the energy came 
from. The answer is that the total energy of the 
universe is exactly zero. The matter in the uni- 
verse is made out of positive energy. However 
the matter is all attracting itself by gravity. Two 
pieces of matter that are close to each other have 
less energy than the same two pieces a long way 
apart, because yon have to expend energy to 
separate them against the gravitacional force 
that is pulling them together. Thus, in a sense, 
the gi 
case of a universe that is approximately uniform. 


witational field has negative energy. In the 


in space, one can show that this negative gravi- 
tational energy exactly cancels the positive ener- 
y represented by the matter. So the total energy. 
of the universe is zero. 

Now twice zero is also zero. Thus the uni- 
verse can double the amount of positive matter 
energy and also double the negative gravitation- 
al energy without violation of the conservation 
of 
expansion of the universe in which the matter 


nergy. This does not happen in the normal 


energy density goes down as the universe gers 
bigger: It does happen, however, in the inflation- 
ary expansion because the energy density of the 


supercooled state remains constant while the 
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STATUS OF THE INFLATIONARY 


UNIVERSE 
CAMBRIDGE 


SCENARIO SOME YEARS 


Aso fare) 


Cartoon drawn by Andrei Linde showing the state of the 
inflationary model in the early 1980's 


universe expands: when the universe doubles in 
size, the positive matter energy and the negative 
gravitacional energy both double, so the toral 
energy remains zero, During the inflationary 
phase, the universe increases its size by a very 


large amount, Thus the total amount of energy 


available to make particles becomes very large. 


As Guth has remarked, "It is said that there's no 
such thing as a free lunch. Bur the universe is the 
ultimate free lunch.” 

The universe is nor expanding in an infla- 
tionary way today. Thus there has to be some 


mechanism that would eliminate the very large 
effective cosmological constant and so change 
the rate of expansion from an accelerated one to 
one that is slowed down by gravity, as we have 
today. In the inflationary expansion one might 
expect that eventually the symmetry between 
the forces would be broken, just as supercooled 
water always freezes in the end. The extra ener- 
gy of the unbroken symmetry state would then 
be released and would reheat the universe to a 
temperature just below the critical temperature 
for symmetry between the forces. The universe 
would then go on to expand and cool just like 
the hot big bang model, but there would now be 
an explanation of why the universe was expand- 
ing at exactly the critical rate and why different 
regions had the same temperature, 

In Guth’s original proposal the phase transi 
tion was supposed to occur suddenly, rather like 
the appearance of ice crystals in very cold water. 
The idea was that “bubbles” of the new phase 


of broken symmetry would have formed in the 
old phase, like bubbles of steam surrounded by 
boiling water. The bubbles were supposed to 
expand and meet up with each other until the 
whole universe was in the new phase. The trou- 
ble was, as I and several other people pointed 
out, that the universe was expanding so fast that 
even if the bubbles grew at the speed of light, 
they would be moving away from each other 
and so could nor join up. The universe would be 
left in a very non-uniform state, with some 
regions still having symmetry berween the dif- 
ferent forces. Such a model of the universe 
would nor correspond to what we see. 

In October 1981, I went to Moscow for a 
conference on quantum gravity. After the con- 
ference I gave a seminar on the inflationary 
model and its problems at the Sternberg 
Astronomical Institute, Before this, I had gor 
someone else to give my lectures for me, because 
most people could nor understand my voice, But 
there was not time to prepare this seminar, so 1 
gave it myself, with one of my graduate students 
repeating my words. It worked well, and gave 
me much more contact with my audience, In the 
audience was a young Russian, Andrei Linde, 
from the Lebedev Institute in Moscow. He said 


that the difficulty with the bubbles not joining. 
up could be avoided if the bubbles were so big. 
that our region of the universe is all contained 
inside a single bubble, In order for this to work, 
the change from symmetry to broken symmetry 
must have taken place very slowly inside the 
bubble, but this is quite possible according to. 
grand unified theories, Linde’s idea of a slow 
breaking of symmetry was very good, but I later. 
realized that his bubbles would have to have. 
been bigger than the size of the universe at the 
time! I showed that instead the symmetry would. 
have broken everywhere at the same time, rather 
than just inside bubbles. This would lead to a 
uniform universe, as we observe. I was very 
excited by this idea and discussed it with one of 
my students, lan Moss. As a friend of Linde's, 1 
was rather embarrassed, however, when I was 
later sent his paper by a scientific journal and 
asked whether it was suitable for publication. 1 
replied thar there was this flaw about the bub- 
bles being bigger than the universe, but that the 
basic idea of a slow breaking of symmetry was 
very good. 1 recommended that the paper be 
published as it was because it would take Linde 
several months to correct it, since anything he 
sent to the West would have to be passed by 
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Soviet censorship, which was neither very skill- 
ful nor very quick with scientific papers 
Instead, T wrote a short paper with lan Moss in 
the same journal in which we pointed out this 
problem with the bubble and showed how it 


could be resolve 
The day after I got back from Moscow I set 
out for Philadelphia, where I was due to receive 
a medal from the Franklin Institute, My secre- 
tary, Judy Fella, had used her not inconsiderable 
charm to persuade British Airways to give her- 
self and me free seats on a Concorde as a pub- 
licity venture. However, I was held up on my 
way to the airport by heavy rain and I missed 
the plane. Nevertheless, I got to Philadelphia in 
the end and received my medal. I was then asked 
to give a seminar on the inflationary universe at 
Drexel University in Philadelphia. 1 gave the 
same seminar about the problems of the infla- 
tionary universe, just as in Moscow. 
A very similar idea to Linde’s was put forth 


independently a few months later by Paul 
Steinhardt and Andreas Albrecht of the 
University of Pennsylvania, They are now given 
joint credit with Linde for what is called “the new 
inflationary model,” based on the idea of a slow 


breaking of symmetry. (The old inflationary 
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model was Guth's original suggestion of fast sym- 
‘metry breaking with the formation of bubbles.) 
The new inflationary model was a good 
attempt to explain why the universe is the way 
it is. However, I and several other people 
showed that, at least in its original form, it pre- 
dicted much greater variations in the tempera- 
ture of the microwave background radiation 
than are observed, Later work has also cast 
doubt on whether there could be a phase transi- 
tion in the very early universe of the kind 
required. In my personal opinion, the new infla- 
tionary model is now dead as a scientific theory, 
although a lot of people do nor seem to have 
heard of its demise and are still writing papers 
as if it were viable. A better model, called the 
chaotic inflationary model, was put forward by 
Linde in 1983, In this there is no phase transi- 
tion or supercooling. Instead, there is a spin 0 
field, which, because of quantum fluctuations, 
would have large values in some regions of the 
early universe. The energy of the field in those 
regions would behave like a cosmological con- 
stant. It would have a repulsive gravitational 
effect, and thus make those regions expand in an 
inflationary manne As they expanded, the 
energy of the field in them would slowly 


This model has all the advantages of the earlier 


give a reasonable size for the fluctuations in the 
temperature of the microwave background that 
agrees with observation, 

This work on inflationary models showed 


arisen from quite a large number of different ini 


tial configurations. This is important, because it 


shows that the initial state of the part of the uni 


with great care, So we may, if we wish, use the 


weak anthropic principle ro explain why the 


universe looks the way it does now. It cannot be 


the case, however, thar every initial configura- 


tion would have led to a universe like the one we 


observe, One can show this by considering a 


ferent state for the universe at the pre 


sent time, say, a very lumpy and irregular one 


One could use the laws of science to evolve the 


universe back in time to determine its configu: 


ration at earlier times, According to the singu. 


larity theorems of classical general relativity, 


ty. If you evolve such a universe forward in time 


according to the laws of science, you will end up 
with the lumpy and irregular state you started 
with. Thus there must have been initial configu: 


erse like the one we see today. $o even the infla 
initial 


to produce some 


Must 


configuration was not such a 
thing very different from what we observe 
we turn to the anthropic principle for an expla 
nation? Was it all just a lucky chance? That 
would seem a counsel of despair, a negation of 
all our hopes of understanding the underlying 
order of the universe: 

In order to predict how the universe should 
haye started off, one needs laws that hold at the 
If the classical theory of gen 


eral relativity was correct, the singularity theo- 


rems that Roger Penrose and I proved show that 


the beginning of time would have been a point 


All the known laws of science would 


space-time 
break down ar such a point. One might suppose 


ties, bur it would be very difficult even to for 


and we would have no guide from observations 
as to what those laws might be. However, what 
the singularity theorems really indicate is that 
the gravitational field becomes so strong that 
quantum gravitational effects become impor 
tant: classical theory is no longer a good descrip- 
tion of the universe. So one has to use a quan. 


tum theory of gravity to discuss the very early 


stages of the universe. As we shall see, it is pos- 
sible in the quantum theory for the ordinary 
laws of science to hold everywhere, including at 


the beginning of time: it is nor ne 


essary ro pos- 


tulate new laws for singularities, because there 


need not be any singularities in the quantum 
theory. 

We don’t yet have a complete and consistent 
theory that combines quantum mechanics and 
gravity. However, we are fairly certain of some 
features that such a unified theory should have. 
One is that it should incorporate Feynman's 
proposal to formulate quantum theory in terms. 


of a sum over histories. In this approach, a par- 
ticle does not have just a single history, as it 


would in a classi 


jl theory. Instead, it is sup- 
posed to follow every possible path in space: 
time, and with each of these histories there are 
associated a couple of numbers, one represent: 
ing the size of a wave and the other representing, 
its position in the eycle (its phase). The proba: 
bility that the particle, say, passes through some 
particular point is found by adding up the waves 
associated with every possible history thar pass- 
es through that point. When one actually tries to 
perform these sums, however, one runs into 
severe technical problems. The only way around 


these is the following peculiar prescription: one 
must add up the waves for particle histories that 
are not in the “real” time thar you and I experi- 
ence bur take place in whar is called imaginary 
time, Imaginary time may sound like science fic- 
tion but it is in fact a well-defined mathematical 
concept. If we take any ordinary (or “real”) 
number and multiply it by itself, the result is a 
positive number. (For example, 2 times 2 is 4, 
but so is-2 times -2.) There are, however, special 
numbers (called imaginary numbers) that give 
negative numbers when multiplied by them- 
selves. (The one called i, when multiplied by 
itself, gives -1, 2i multiplied by itself gives 4, 
and so on.) 

One can picture real and imaginary numbers 
in the following way (Fig. 8.10). The real num- 
bers can be represented by a line going from left 
to right, with zero in rhe middle, negative num- 
bers like -1, 2 


etc. on the left, and positive 


2 


numbers, 1, 2, ete. on the right. Then imaginary 
numbers are represented by a line going up and 
down the page, with í, 2i, ete. above the middle, 
and -i, 2i, ete. below. Thus imaginary numbers 
are in a sense numbers at right angles to ordi- 
nary real numbers 


To avoid the technical difficulties with 


Fig. 8:10 Real numbers can he represented by a hori- 
zontal line running left zo right, Imaginary numbers can 
be represented by à vertical line, 


Feynman's sum over histories, one must use 
imaginary time. That is to say, for the purposes 
of the calculation one must measure time using 
imaginary numbers, rather than real ones. This 
the di 


has an interesting effect on space-time: 
tinction between time and space disappears 
completely. A space-time in which events have 
imaginary values of the time coordinate is said 
to be Euclidean, after the ancient Greek Euclid, 
who founded the study of the geometry of two- 
What we now call 


dimensional surfaces. 


Euclidean space-time is very similar except thar 
it has four dimensions instead of two. In 


Euclidean. space-time there is no difference 
between the time direction and directions in 
space. On the other hand, in real space-time, in 
which events are labeled by ordinary, real values 
of the time coordinate, it is easy to tell the dif- 
ference — the time direction at all points lies 
within the light cone, and space directions lie 
outside. In any case, as far as everyday quantum 
mechanics is concerned, we may regard our use 
of imaginary time and Euclidean space-time as 
merely a mathematical device (or trick) to cal- 


culate answers about real space-time, 


A second feature that we believe must be part 
of any ultimate theory is Einstein's idea that the 
gravitational field is represented by curved 
space-time: particles try to follow the nearest 
thing to a straight path in a curved space, but 
because space-time is not flat their paths appear 
to be bent, as if by a gravitational field. When 


we apply Feynman's sum over histories to 


Einstein’ view of gr 


ity, the analogue of the his- 
tory of a particle is now a complete curved space- 
time that represents the history of the whole uni- 
verse. To avoid the technical difficulties in actual- 


ly performing the sum over histories, these 
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curved space-times must be taken to be 


Euclidean. That is, time is imaginary and is 


ipuishable from directions in space. To 
calculate the probability of finding a real space 
time with some certain property, such as looking 
the same at every point and in every direction, 
one adds up the waves associared with all the 


histories that have that property 


In the classical theory of general relativity, 
there are many different possible curved space 


times, each corresponding to a different initial 


new the initial state 


state of the universe. If 
of our universe, we would know its entire histo- 
ry, Similarly, in the quantum theory of gravity 


there are many different possible quantum states. 


for the universe. Again, if we knew how the 
Euclidean curved space-times in the sum over 
histories behaved at early times, we would know 
the quantum state of the universe 

In the classical theory of gravity, which is 
re only two 


possible ways the universe can behave: either it 
has existed for an infinite time, or else it had a 


beginning at a singularity at some finite time in 


the past, In the quantum theory of gravity, on 
the other hand, a third possibility arises. 


using Euclidean space-times, in 
which the time direction is on che same footing. 
as directions in space, it is possible for space 
time to be finite in extent and yer to have no sin. 
gularities that formed a boundary or edge. 
Space-time would be like the surface of the 
earth, only with two more dimensions. The sur 
face of the earth is finite in extent bur it doesn't 


have a boundary or edge: if you sail off into the 


sunset, you don't fall off the edge or run into a 


singularity. (I know, because I have been round 
the world!) 

If Euclidean space-time stretches back to infi- 
nite imaginary time, or else starts at a singulari- 
ty in imaginary time, we have the same problem 
as in the classical theory of specifying the initial 
state of the universe: God may know how the 
universe began, but we cannot give any partieu- 
lar reason for thinking it began one way rather 
than another. On the other hand, the quantum 
theory of gravity has opened up a new possibil- 
ity, in which there would be no boundary to 
space-time and so there would be no need to 
specify the behavior at the boundary. There 
would be no singularities at which the laws of 
science broke down, and no edge of spac 


at which one would have to appeal to God or 
some new law to set the boundary conditions 
for space-time. One could say: “The boundary 
condition of the universe is that it has no bound- 
ary.” The universe would be completely self- 
contained and not affected by anything outside 
itself. It would neither be created nor destroyed. 
It would just BE. 

It was at the conference in the Vatican men- 
tioned earlier chat I first put forward the sugges- 
tion that maybe time and space together formed 
a surface that was finite in size bur did not have 


any boundary or edge. My paper was rather 
mathematical, however, so its implications for 
the role of God in the creation of the universe 
were not generally recognized at the time (just as 
well for me). At the time of the Vatican confer- 
ence, I did nor know how to use the “no bound- 
ary” idea to make predictions about the uni 
verse, However I spent the following summer at 
the University of California, Santa Barbara, 
There a friend and colleague of mine, Jim 
Hartle, worked out with me what conditions the 
universe must satisfy if space-time had no 
boundary. When I returned to Cambridge, Lcon- 
tinued this work with two of my research stu- 
dents, Julian Luttrel and Jonathan Halliwell 

T'd like to emphasize that this idea that time 
and space should be finite “without boundary” 
is just a proposal: it cannot be deduced from 
some other principle. Like any other scientific 
theory, it may initially be put forward for aes- 
thetic or metaphysical reasons, but the real test 
is whether it makes predictions that agree with 
observation. This, however, is difficult to deter- 
mine in the case of quantum gravity, for two 
reasons, First, as will be explained in chapter 11, 
we are not yet sure exactly which theory suc- 
cessfully combines general relativity and quan- 
tum mechanics, though we know quite a lot 


ing can be attached to the other histories, in 
which we do not exist, is not clear. This view of 
a quantum theory of gravity would be much 


more satisfactory, however, if one could 


perform the sum over histories for all possible 


Under the “no boundary" proposal one 


found to be following most of the possible his 
tories is negligible, but there is a particular fam: 
ily of histories thar are much more probable 
than the others, These histories may be pictured 
as being like the surface of the earth, with the 
distance from the North Pole representing imag; 
inary time and the size of a circle of constant 
distance from the North Pole representing the 
spatial size of the universe. The universe starts at 
the North Pole as a single point. As one moves 


south, the circles of laritude at constant distance 


Fig, 8.12 The universe expands in imaginary time like the surface of the earth from the North Pole to 
the equator, and then expands in real time at an increasing inflationary rate. 


from the North Pole get bigger, corresponding 
to the universe expanding with imaginary time 
(Fig. 8.11), The universe would reach a maxi- 
mum size at the equator and would contract 
with increasing imaginary time to a single point 
at the South Pole. Even though the universe 
would have zero size at the North and South 


Poles, these points would not be singularities, 
any more than the North and South Poles on the 
earth are singular, The laws of science will hold 
at them, just as they do at the North and South 
Poles on the earth 

The history of the universe in real time, how- 
ever, would look very different, At about ten or 
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twenty thousand million years ago, it would 
have a minimum size, which was equal to the 
maximum radius of the history in imaginary 
time. 


At later real times, the universe would 
expand like the chaotic inflationary model pro- 
posed by Linde (but one would not now have to 
assume that the universe was created somehow 
in the right sort of state). The universe would 
expand 10 a very large size (Fig. 8.12) and even- 
tually it would collapse again into what looks 
like a singularity in real time. Thus, in a sense, 
we are still all doomed, even if we keep away 
from black holes. Only if we could picture the 
universe in terms of imaginary time would there 
be no singularities. 

If the universe really is in such a quantum 
state, there would be no singularities in the his- 
tory of the universe in imaginary time, It might 
seem therefore that my more recent work had 
completely undone the results of my earlier 
work on singularities, But, as indicated above, 
the real importance of the singularity theorems 


was that they showed that the gravitational field 


must become so strong that quantum gravita- 
tional effects could not be ignored. This in turn 
led to the idea that the universe could be finite 
in imaginary time bur without boundaries or 


singularities. When one goes back to the real 


time in which we live, however, there will still 
appear to be singularities. The poor astronaut 


who falls into a black hole will still come to a 


sticky end; only if he lived in imaginary time 
would he encounter no singularities. 

This might suggest that the so-called imagi- 
mary time is really the real time, and that what 
we call real time is just a figment of our imagi- 
nations. In real time, the universe has a begin- 
ning and an end at singularities that form a 
boundary to space-time and at which the laws of 
science break down. But in imaginary time, 
there are no singularities or boundaries. So 
maybe what we call imaginary time is really 


more basic, and what we call real is just an idea 
that we invent to help us describe what we think. 
the universe is like. But according to the 
approach 1 described in Chapter 1, a scientific 
theory is just a mathematical model we make to. 
describe our observations: it exists only in our 
minds, So it is meaningless to ask: which is real, 
“real” or “imaginary” time? It is simply a mat- 
ter of which is the more useful description, 
One can also use the sum over histories, 
along with the no boundary proposal, to find 
which properties of the universe are likely to 
occur together. For example, one can calculate 
the probability that the universe is expanding at 
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nearly the same rate in all different directions at 
a time when the density of the universe has its 
present value. In the simplified models char have 
been examined so far, this probability turns out 
to be highs that Is, the proposed no boundary 
condition leads to the prediction that it is 
extremely probable that the present rate of 
expansion of the universe is almost the same in 
each direction. This is consistent with the obser- 
vations of the microwave background radiation, 
which show that it has almost exactly the same 
intensity in any direction. If the universe were 
expanding faster in some directions than in oth- 
ers, the intensity of the radiation in those direc- 
tions would be reduced by an additional red shifr. 

Further predictions of the no boundary con- 
dition are currently being worked out. A partic- 
ularly interesting problem is the size of the small 
departures from uniform density in the early 
universe that caused the formation first of the 
galaxies, then of stars, and finally of us. The 
uncertainty principle implies that the early uni- 
verse cannot have been completely uniform 
because there must have been some uncertain- 
ties or fluctuations in the positions and veloci 
ties of the particles. Using the no boundary con- 
dition, we find that the universe must in fact 
have started off with just the minimum possible 


non-uniformity allowed by the uncertainty prin- 
ciple. The universe would have then undergone 
a period of rapid expansion, as in the inflation- 
ary models. During this period, the initial non- 
uniformities would have been amplified until 
they were big enough to explain the origin of the. 
structures we observe around us. In 1992 the 
Cosmic Background Explorer satellite (COBE) 
first detected very slight variations in the inten- 
sity of the microwave background with direc- 
tion. The way these non-uniformities depend on 
direction seems to agree with the predictions of 
the inflationary model and the no boundary 
proposal. Thus the no boundary proposal is a 
good scientific theory in the sense of Karl 
Popper: it could have been falsified by observa- 
tions but instead its predictions have been con- 


firmed. In an expanding universe in which the 
density of matter varied slightly from place to 
place, gravity would have caused the denser 
regions to slow down their expansion and start 
contracting. This would lead to the formation of 
galaxies, stars, and eventually even insignificant 
creatures like ourselves. Thus all the complicat- 
ed structures that we see in the universe might 
be explained by the no boundary condition for 
the universe together with the uncertainty prin- 
ciple of quantum mechanics, 
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The idea that space and time may form a 
closed surface without boundary also has pro- 
found implications for the role of God in the 
affairs of the universe. With the success of s 


entific theories in describing events, most people 
iod allows the uni- 


have come ro believe that 
verse to evolve according to a set of laws and 
does not intervene in the universe to break these. 
Laws. However, the laws do nor tell us what the 
universe should have looked like when it started 
— it would still be up to God to wind up che 
clockwork and choose how to start it off, So. 
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Above: A map of the tiny temperature variations in the 
microwave background observed by the COBE satelite 
The bot spots correspond to slightly more dense regions 
that later developed into clusters of galaxies. 


Jong as the universe had a beginning, we could 
suppose it had a creator. But if the universe is 
really completely self-contained, having no 
boundary or edge, it would have neither begin- 
ning nor end: it would simply be. What place, 
then, for a creator? 


The 


N PREVIOUS CHAPTERS WE 
have seen how our views of 


I 


changed over the years, Up 


the nature of time have 


to the beginning of this cen- 
tury people believed in an absolute 
time. That is, each event could be 
labeled by a number called “time” in a unique 
way, and all good clocks would agree on the 
time interval berween two events. However, the 
discovery that the speed of light appeared the 
same to every observer, no matter how he was 
moving, led to the theory of relativity — and in 
that one had to abandon the idea that there was 
a unique absolute time. Instead, each observer 
would have his own measure of time as record. 
ed by a clock that he carried: clocks carried by 
different observers would not necessarily agree. 
Thus time became a more personal concept, rel- 
ative to the observer who measured it, 


When one tried to unify gravity with 
quantum mechanics, one had to 

introduce the idea of “imagi- 

nary” time, Imaginary time is 
indistinguishable from directions 
in space, If one can go north, 
one can turn around and head 
south; equally, if one can go forward in imagi- 
nary time, one ought to be able ro turn round 
and go backward. This means that there can be 
mo important difference between the forward 
and backward directions of imaginary time. On 
the other hand, when one looks at “real” time, 
there's a very big difference between the forward 
and backward directions, as we all know, Where 
does this difference between the past and the 
future come from? Why do we remember the 
past but not the future? 

The laws of science do not distinguish 
between the past and the future. More precisely, 


(Opposite: The first chronometer accurate enough to be used to 


Above: Keeper of the U.S. cesium clock, Th 


number of oscillations of atoms of vape 


as explained earlier, the laws of science are 
unchanged under the combination of operations 
(or symmetries) known as C, P, and T. (C means 
changing particles for antiparticles. P means 
taking the mirror image, so left and right are 
interchanged. And T means reversing the direc 
tion of motion of all particles: in effect, running 
the motion backward.) The laws of science that 


govern the behavior of matter under all normal 


ulate longitude, 173 
dard second is based on the count of the 


cesivon 133 between two magnets, 


situations are unchanged under the combination 
of the two operations C and P on their own. In 
other words, life would be just the same for the 
inhabitants of another planet who were both 
mirror images of us and who were made of anti 
matter, rather than matter 

If the laws of science are unchanged by the 
combination of operations C and P, and also by 
the combination C, P, and T, they must also be 


bs 


unchanged under the operation T alone, Yer 
there is a big difference between the forward 


nd backward directions of real time in ordinary 


nd breaking into pieces on the floor (Fig. 9.1). 
If you take a film of this, you can easily tell 
whether it is being run forward or backward. If 


‘ow run it backward you will see the pieces sud. 


denly gather themselves together off the floor 

d jump back ro form a whole cup on the 
table. You can tell that the film is being run 
backward because this kind of behavior is never 
observed in ordinary life. If it were, crockery 
manufacturers would go out of business. 


The explanation that is usually 


why we don't see broken cups gathering, them 


Ives together off the floor and jumping back 


XE Murphy's law: things always tend to go 


up on the table is a state of 


disordered state. One can go readily from th 


cup on the rable in the past to the broken cup on 
the floor in the future, bur not the other way 


me example of what is called an arrow of 


namic arrow of time, the 


the direction in which we remember 


Finally, ther 


arrow of time, This i 


cosmologic: tion 
of time in which the universe is expanding 
rather than contracting. (See Fig. 9.3.) 

In this chapter I shall argue that the no 


boundary condition for th 


with the weak anthropie principle, can explain 
why all three arrows point in the same direction 
— and moreover, why a well-defined arrow of 
time should exist at all. I shall argue that the psy 


chological arrow is determined by the thermody 


namic arrow, and that these two arrows neces- 


arily always point in the same direction. If one 


assumes the no boundary condition for the uni 
verse, we shall see that there must be well-defined 
thermodynamic 


and cosmological arrows of 


Fig. 9.1. Watching 


film of a cup breaking on the floor 


el if the film is b 


backward. However, the I 


ES 


time, but they will not point in the same direc 


" However, I shall argue that it is only when they 


do point in the same direction that conditions 
Ihe halls to their starting positi 


are suitable for the development of intelligent 


beings who can ask the question: why does dis 
order increase in the same direction of time as 
that in which the universe expands? 

1 shall discuss first the thermodynamic arrow 
of time. The second law of thermodynamics 
results from the fact that there are always many 
more disordered states than there are ordered 


ones. For example, consider the pieces of a ji 


saw in a box, There is one, and only ane, 
arrangement in which the pieces make a com- 
plete picture, On the other hand, there are a very 
large number of arrangements in which the 
pieces are disordered and don’t make a picture. 

Suppose a system starts out in one of the 


small number of ordered states, As time goes by, 


the system will evolve according to the laws of 
science and its state will change. At a later time, 
it is more probable that the system will be in a 
disordered state than in an ordered one because 
there are more disordered states. Thus disorder 
will tend to increase with time if the system 
‘obeys an initial condition of high order. 
Suppose the pieces of the jigsaw start off in a 
box in the ordered arrangement in which they 
form a picture, If you shake the box, the pieces 
will take up another arrangement. This will 
probably be a disordered arrangement in which 
the pieces don't form a proper picture, simply 
because there are so many more disordered 


g 
Theriedynam 


Future 


fhe 


Fig. 9.3. There are at least three arrows of times the 
direction in which disorder increases, the direction in 
which we perceive time passes, 
thich the unwerse increases in size, 


and the direction in 


Arrangements, Some groups of pieces may still 


form parts of the picture, hut the more you 
shake the box, the more likely it is that these 
groups will get broken up and the pieces will be 
in a completely jumbled state in which they 
don’t form any sort of picture, So the disorder of 
the pieces will probably increase with rime if the 
pieces obey the initial condition that they start 
off in a condition of high order, 

Suppose, however, that God decided that the 


universe should finish up in a state of high order 


but that it didn't matter what state it started in. 
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At carly times the universe would probably he 


in a disordered state. This would mean that 


disorder would decrease with time. You 
would see broken cups gathering 


themselves together and jumping 


back onto the table. However, any human 


beings who were observing the cups would be 
living in a universe in which disorder decreased 
with time. I shall argue thar such beings would 
have a psychological arrow of time that was 
backward. That is, they would remember events 
in the future, and not remember events in their 
past. When the cup was broken, they would 
remember it being on the table, but when it was 
on the table, they would nor remember it being 
on the floor. 

It is rather difficult to talk about human 
memory because we don't know how the brain. 
works in detail. We do, however, know all about 
how computer memories work. I shall therefore 
discuss the psychological arrow of time for com- 
puters, [think it is reasonable to assume that the 
arrow for computers is the same as that for 
humans. If it were not, one could make a killing. 
on the stock exchange by having a computer 
that would remember tomorrow's prices! A 
computer memory is basically a device contain 


ing elements that can exist in either of two 


Fig. 9.4. An abacus works in a similar way 10.4 
computer memory. Each bead can he in one of ta. 


sitions. To change the position of a brad, a certain 


mount of energy is required, 


states, A simple example is an abacus. In its sim- 
plest form, this consists of a number of wires; on 
each wire there are a number of beads which 
can be put in one of two positions, Before an 
item is recorded in a computer's memory, the 
memory is in a disordered state, with equal 
probabilities for the two possible states. (The 


abacus beads are scattered randomly on the 


wires of the abacus.) After the memory inte 


cts 


with the system to be remembered, it will d 


nitely be in one state or the oth 


ccording to 
the state of the system. (Each abacus bead will 
be at either the left or the right of the abacus 
wire.) $ the memory has passed from a disor- 


e. 
er 
OHHH 


dered state to an ordered one. However, in order 
to make sure that the memory is in the right 
state, it is necessary to use a certain amount of 
energy (to moye the bead or to power the com- 
puter, for example). Th 


energy is dissipated as 
heat, and increases the amount of disorder in the 
universe. One can show that this increase in dis- 
order is always greater than the increase in the 
order of the memory itself. Thus the hear 
expelled by the computers cooling fan means 
that when a computer records an item in mem. 
ory, the total amount of disorder in the universe 
still goes up. The direction of time in which a 
computer remembers the past is the same as that 
in which disorder increases. 

Our subjective sense of the direction of time, 
the psychological arrow of time, is therefore 
determined within our brain by the thermody- 
namic arrow of time. Just like a computer, we 
must remember things in the order in which 
entropy increases. This makes the second law of 
thermodynamics almost trivial. Disorder 
increases with time because we measure time in 
the direction in which disorder increases. You 
can't have a safer bet than that! 

But why should the thermodynamie arrow of 
time exist at all? Or, in other words, why should 
the universe be in a state of high order at one 


end of time, the end that we call the past? Why 
is it not in a state of complete disorder at all 
times? After all, this might seem more probable. 
And why is the direction of time in which disor- 
h the uni- 


der inereases the same as that in whi 


verse expands? 
In the classical theory of general relativity 
ie cannot predict how the universe would have 


begun because all the known laws of science 
would have broken down at the big bang singu- 
larity. The universe could have started out in a 
very smooth and ordered state, This would have 
led to well-defined thermodynamic and cosmo- 
logical arrows of time, as we observe, But it 
could equally well have started out in a very 


lumpy and disordered state. In thar case, the 


universe would already be in a state of complete 
disorder, so disorder could not increase with 
time. It would either stay constant, in which 
case there would be no well-defined thermody- 
namic arrow of time, or it would decrease, in 
which case the thermodynamic arrow of time 
would point in the opposite direction to the cos- 
mological arrow. Neither of these possibilities 
agrees with what we observe, However, as we 


have seen, classical general relat 


ty predicts its 
own downfall, When the curvature of space- 


time becomes large, quantum gravitational 
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effects will become important and the classical 


theory will cease to be a good description of the 


universe. One has to use a quantum theory of 
gravity to understand how the universe began. 
In a quantum theory of gravity, as we saw in 
the last chapter, in order to specify the state of 
the universe one would still have to say how the 
possible histories of the universe would behave 
at the boundary of space-time in the past. One 
could avoid this difficulty of having to describe 
what we do nor and cannot know only if the his- 


tories satisfy the no boundary condi 


on: they 
are finite in extent but have no boundaries, 
edges, or singularities. In that case, the begin- 
ning of time would be a regular, smooth point of 
space-time and the universe would have begun 
its expansion in a very smooth and ordered 
state. It could not have been completely uni- 
form, because that would violate the uncertain- 
ty principle of quantum theory. There had to be 
small fluctuations in the density and velocities of 
particles. The no boundary condition, however, 
e as small as 


implied that these fluctuations we 
they could be, consistent with the uncertainty 
principle, 

The universe would have started off with a 
period of exponential or “inflationary” expan- 
sion in which it would have increased its size by 


a very large factor. During this expansion, the 
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density fluctuations would have remained small 
at first, bur later would have started to grow. 
Regions in which the density was slightly higher 
than average would have had their expansion 
slowed down by the gravitational attraction of 
the extra mass. Eventually, such regions would 
stop expanding and collapse to form galaxies, 
stars, and beings like us. The universe would 
have started in a smooth and ordered state, and. 
would become lumpy and disordered as time 
went on. This would explain the existence of the 
thermodynamic arrow of time, 

But what would happen if and when the uni- 
verse stopped expanding and began to contract? 
Would the thermodynamic arrow reverse and 
disorder begin to decrease with time? This 
would lead to all sorts of science-fiction-like 
possibilities for people who survived from the 
y phase. Would they 
see broken cups gathering themselves together 


expanding to the contrac 


off the floor and jumping back onto the table? 
Would they be able to remember tomorrow's 
prices and make a fortune on the stock marker? 
It might seem a bit academic to worry about 
what will happen when the universe collapses 


Opposite: The sands of time appear 10 be moving in 
only one direction, but does this change when the uni 


hourglass is upended? 


again, as it will nor start to contract for ar least 
another ten thousand million years. But there 
a quicker way to find out what will happen: 


jump into a black hole, The collapse of a star to. 


form a black hole is rather like the later stage 
of the collapse of the whole universe. So if dis- 
order ere to decrease in the contracting phase 
of the universe, one might also expect it to 
decrease inside a black hole, So perhaps an 
astronaut who fell into a black hole would be 


able to make money at roulerte by remembering 


where the ball went before he placed his ber 
(Unfortunately, however, he would not have 
long to play before he was turned to spaghetti 
Nor would he be able to let us know about the 
reversal of the thermodynamic arrow, or even 
bank his winnings, because he would be trapped 
behind the event horizon of the black hole.) 

1 believed that disorder would 
This 


was because I thought that the universe had to. 


Ar first, 


decrease when the universe recollapsed 


return to a smooth and ordered state when it 
became small again. This would mean that the 
contracting phase would be like the time reverse 
of the expanding phase. People in the contract- 
ing phase would live their lives backward: they 
would die 


younger as the universe contracted. 


before they were born and get 


This idea is attractive because it would mean 


a nice symmetry between the expanding and 


contracting phases. However, one cannot adopt 
it on its own, independent of other ideas about 
the universe, The question is: is it implied by the 
no boundary condition, or is it inconsistent with 
that condition? As I said, I thought at first that 
the no boundary condition did indeed imply 
that disorder would decrease in the contracting 
phase. I was misled partly by the analogy with 
the surface of the earth. If one took the begin- 
ning of the universe to correspond to the North 
Pole, then the end of the universe should be sim- 
ilar to the beginning, just as the South Pole is 
similar to the North, However, the North and 


South Poles correspond to the beginning and 
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dynamic arrow reversed in a contracting 


demolished buildings would rise from 


die" youn, 


ind people would be born old ani 


end of the universe in imaginary time, The 


beginning and end in real time can be very dif 


ferent from each other, I was also misled by 


work I had done on a simple model of the uni- 
verse in which the collapsing phase looked like 
the time reverse of the expanding phase 
However, a colleague of mine, Don Page, of 
Penn State University, pointed out that the no 
boundary condition did not require the con- 
tracting phase necessarily to be the time reverse 


of the expanding phase, Further, one of my stu 


dents, Raymond Laflamme, found that in a 
slightly more complicated model, the collapse of 
the universe was very different from the expan: 
sion. I realized that I had made a mistake: the no. 
boundary condition implied that disorder would 
in fact continue to increase during the contrac: 
tion, The thermodynamic and psychological 
arrows of time would not reverse when the uni- 
verse begins to recontract or inside black holes. 

What should you do when you find you have 
made a mistake like that? Some people never 
admit that they are wrong and continue to find 
new, and often mutually inconsistent, arguments. 
to support their case — as Eddington did in 
opposing black hole theory. Others claim to. 


have never really supported the incorrect view in 


the first place or, if they did, it was only to show 
that it was inconsistent. It seems to me much 
better and less confusing if you admit in print 
that you were wrong. A good example of this 
was Einstein, who called the cosmological con- 
stant, which he introduced when he was trying 
to make a static model of the universe, the 
biggest mistake of his life. 

To return to the arrow of time, there remains 
the question: why do we observe thar the ther 
modynamic and cosmological arrows point in 
the same direction? Or in other words, why does 


disorder increase in the same direction of time as 


that in which the universe expands? tf one 
believes that the universe will expand and then 
contract again, as the no boundary proposal 
seems to imply, this becomes a question of why 
we should be in the expanding phase rather than 
the contracting phase. 

One can answer this on the basis of the weak 
anthrapie principle, Conditions in the contract- 
ing phase would not be suitable for the existence 
of intelligent beings who could ask the question: 
why is disorder increasing in the same direction 
of time as that in which the universe is expand- 
ing? The inflation in the early stages of the uni- 
verse, which the no boundary proposal predicts, 
means that the universe must be expanding at 
very close to the critical rate at which it would 
just avoid recollapse, and so will not recollapse 
for a very long time. By then all the stars will 
have burned out and the protons and neutrons 
in them will probably have deca 


ed into light 
would be 
in a state of almost complete disorder. There 


particles and radiation, The univer 


would be no strong thermodynamic arrow of 
time, Disorder couldn't increase much because. 
the universe would be in a state of almost com- 
plete disorder already. However, a strong ther- 
modynamic arrow is necessary for intelligent life 
to operate. In order to survive, human beings 


have to consume food, which is an ordered form 
of energy, and convert it into heat, which is a 
disordered form of energy. Thus intelligent life 
could not exist in the contracting phase of the 
universe. This is the explanation of why we 
observe that the thermodynamic and cosmolog- 
ical arrows of time point in the same direction. 
Ir is not that the expansion of the universe caus- 
es disorder to increase. Rather, it is that the no 
boundary condition causes disorder to increase: 
and the conditions to be suitable for intelligent 
life only in the expanding phase. 

To summarize, the laws of science do not dis- 
tinguish between the forward and backward 
directions of time, However, there are at least 
three arrows of time that do distinguish the past 
from the future. They are the thermodynamic 
arrow, the direction of time in which disorder 
increases; the psychological arrow, the direction 
of time in which we remember the past and not 
the future; and the cosmological arrow, the 
direction of time in which the universe expands 


rather than contracts. Ihave shown that the ps 


chological arrow is essentially the same as the 
thermodynamic arrow, so that the two would 
always point in the same direction. The no 
boundary proposal for the universe predicts the 
existence of a well-defined thermodynamic 
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Increase In 
order by twa 
milon unt 


Fig- 9.5 


Increase in disorder 
by twenty milion 
mihon milon 
mion units 


Fig 9.5. Reading this book will have increased the amount 
of ordered information in your brain. However, during 
the same time, the beat released by your body will have 
had a much greater effect mereasing the disorder im the 
rest of the universe, I suggest you stop reading non: 


arrow of time because the universe must start 
‚off in a smooth and ordered state. And the rea- 
son we observe this thermodynamic arrow to 
agree with the cosmological arrow is that intel- 


ligent beings can exist only in the expanding 
phas 
because it has no strong thermodynamic arrow 


The contracting phase will be unsuitable. 


of time, 

The progress of the human race in under- 
standing the universe has established a small 
corner of order in an increasingly disordered 
universe, If you remember every word in this 
book, your memory will have recorded about 
two million pieces of information: the order in 
your brain will have increased by about two mil- 
lion units, However, while you have been read- 
ing the book, you will have converted at least a 
thousand calories of ordered energy, in the form 
of food, into disordered energy, in the form of 
heat that you lose to the air around you by con- 
vection and sweat (Fig 9.5). This will increase 
the disorder of the universe by about rwenty 
million million million million units — or about 
ten million million million times the increase in 
order in your brain — and thar's if you remem- 
ber everything in this book. In the next chapter 
but one I will try to increase the order in our 
neck of the woods a little further by explaining 
how people are trying to fit together the partial 
theories 1 have described to form a complere 
unified theory that would cover everything in 
the universe. 


195 


10 


Wormboles and Time Travel 


HE Last CHAPTER discussed might really allow people to trav- 


why we see time go forward el in time came in 1949 when Kurt 
why disorder increases and Gödel discovered a new space-time 
why we remember the past but not allowed by general relativity, Godel 
the future. Time was treated as if it was a mathematician who was 
were a straight railway line om Famous for proving that it is impossi- 
which one could only go one way or ble to prove all true statements, even 
the other if you limit yourself to trying to 
But what if the railway line had prove all the true statements in a subject 
loops and branches so that a train could keep as apparently cut and dried as arithmetic. Like 
going forward but come back to a station ithad — the uncertainty principle, Gödel's incomplete 
already passed? (Fig. 10.1) In other words, — ness theorem may be a fundamental limitation 
might it be possible for someone to travel into — on our ability to understand and predict the uni 
the future or the past? verse, but so far at least it hasn't seemed to be 
H: G. Wells in The Time Machine explored an obstacle in our search for a complete unified 
these possibilities as have countless other writers — theory 
of science fiction. Yet many of the ideas of sci Gödel gor to know about general relativity 
ence fiction, like submarines and travel ro the 


moon, have become matters of science fact. So — Above: “The Time Machine" by the English writer 
HG. Wells was th 
explore the idea of 


first popular work of fiction to 


what are the prospects for time travel? 


avel through time 
The first indication that the laws of physics. 
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Fig. 10.1 


When he and Einstein. 
spent their later years at 
the for 
Advanced Study 


Princeton, U.S.A. His 


Institute 


space-time had the 
property 
that the whole uni 


verse was rotating. One 
might ask: “Rotating with 
respect to what?" The answer is 

that distant matter would be rotating 
with respect to directions that little 
tops or gyroscopes point in. 

This had the side effect that it 
would be possible for someone to go off in a 
rocket ship and return to earth before he set our 
This property really upset Einstein, who had 
thought that general relativity wouldn't allow 
time travel. However, given Einstein's record of 
ill-founded opposition to gravitational collapse 


railway line but 


at pk 
already omed 


back 


and the uncertainty principle, maybe this 
was an encouraging sign, The solution Gadel 
found doesn't correspond to the universe we 


live in because we can show that the universe is 


not rotating. It also had a non-zero value of the. 
cosmological constant that Einstein introduced 
when he thought the universe was unchanging, 
After Hubble discovered the expansion of the 
universe, there was no need for a cosmological 
ed to be 


constant and it is now generally bel 
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zero. However, other more reasonable space- — required to allow time travel. The same conclu- 
times that are allowed by general relativity and — sion follows on theoretical grounds if the no 
which permit travel into the past have since heen boundary proposal is correct, So the question ist 
found. One is in the interior of a rotating black if the universe starts out without the kind of cur- 
hole. Another is a space-time that contains two vature required for time travel, can we subse- 
cosmic strings moving past each other at high quently warp local regions of space-time suffi- 


speed. As their name suggests, 


cosmic strings are ciently to allow it? 
objects that are like string in that they have A closely related problem that is also of con- 


length but a tiny cross section, Actually, they are — cern to writers of science fiction is rapid inter- 


more like rubber hands because they are under stellar or intergalactic travel. According to rela- 
enormous tension, something like a million mil- tivity, nothing can travel faster than light. IF we 
lion million million tons. A cosmic string — therefore sent a spaceship to our nearest neigh- 
attached to the earth could accelerate it from O boring star, Alpha Centauri, which is about four 
to 60 mph in 1/30th of a second. Cosmic strings light years away, it would take at least eight 
may sound like pure science fiction bur there are — years before we could expect the travelers to 
re 


‚ons to believe they could have formed inthe return and tell us what they had found . If the 
early universe as a result of symmetry-breaking expedition were to the center of our galaxy, it 
of the kind discussed in Chapter 5. Because they would be at least a hundred thousand years 
would be under enormous tension and could — before it came back. The theory of relativity 
start in any configuration, they might accelerate — does allow one consolation. This is the so-called 
to very high speeds when they straighten out. twins paradox mentioned in Chapter 2. 

The Godel solution and the cosmic string Because there is no unique standard of time, 


space-time start out so distorted thar travel into — but rather observers each have their own time as 


the past was always possible. God might have — measured by clocks that they carry with them, it 
created such a warped universe but we have no is possible for the journey to seem ro be much 
reason to believe he did. Observations of the shorter for the space travelers than for those 
microwave background and of the abundances — who remain on earth. But there would not be 
of the light elements indicate th 


the early uni- — much joy in returning from a space voyage a few 
verse did not have the kind of curvature — years older to find that everyone you had left 
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behind was dead and gone thousands of years 
ago. So in order to have any human interest in 
their stories, science fiction writers had to 
pose that we would one day discover how to 
travel faster than light. What most of these 
authors don't seem to have realized is that if you 
can travel faster than light, the theory of relativ- 
ity implies you can also travel back in time, as 
the following limerick says: 


There was a young lady of Wight 
Who travelled much faster than light. 
She departed one day, 

Ina relative way, 

And arrived on the previous night. 


"The point is that the theory of relativity says 
that there is no unique measure of time that all 
observers will agree on. Rather, each observer 


has his or her own measure of time. If it is pos- 
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Fig. 10.2 Ifa rocket can travel from event A on earth ta 
event B on Alpha Centauri at a speed slower than the 
speed of light, then all observers will agree that event A 
occurs before event B. 


sible for a rocket traveling below the speed of 
light to get from event A (say, the final of the 
100-meter race of the Olympic Games in 2012) 
to event B (say, the opening of 100,004th meet 
ing of the Congress of Alpha Centauri), then all 
observers will agree that event A happened 
before event B according to their times (Fig 
10.2). Suppose, however, that the spaceship 
would have to travel faster than light to carry 
the news of the race to the Congress. Then 


Ane orina 
ent for an observer at 
Tes wth respect to 


Above: Fig. 10.3 If itis not possible for a rocket to get 
from A to B at below the speed of lig 
moving at different speeds may no 
event occurs first 

Opposite: Fig. 10.4 Wormholes might be able to 
provide a shortcut for jumping between two distant 
regions of nearly flat space-time. 


1, observers 


agree on which 


observers moving at different speeds can dis- 
agree about whether event A occurred before B 


or vice versa, According to the time of an 


observer who is at rest with respect to the earth, 
it may be that the Congress opened after the 
ld think that a 


race. Thus this observer wo 


spaceship could get from A to B in time if only 


it could ignore rhe speed-of-light speed li 
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ine of simone 


el 
The speed of 


However, to an observer at Alpha Centauri mov- 
ing away from the earth at nearly the speed of 
light, it would appear that event B, the opening, 
of the Congress, would occur before event A, the 
103 


ity says that the laws of physics appear the same 


100-merer race (Fi The theory of relativ- 
to observers moving at different speeds. 

This has been well tested by experiment and. 
is likely to remain a feature even if we find a 
more advanced theory to replace relativity. Thus 
the moving observer would say that if faster- 
than-light travel is possible, it should be possible 
to get from event B, the opening of the 
Congress, to event A, the 100-meter race. If one 
went slightly faster, one could even get back 


ore the race and place a bet on it in the sure 


knowledge that one would win. 


There is a problem with breaking the speed: 


of-light barrier, The theory of relativity says that 
the rocket power needed to accelerate a space 


ship gets greater and greater the neare 


the speed of light. We have experimental evi 


dence for this, not with spaceships bur with ele 


mentary particles in particle accelerators like 
those at Fermilab or CERN (European Centre 
for Nuclear Research). We can accelerate parti 


cles to 99.99 percent of the speed of light, but 


however much power we feed in, we can't get 


lon mies to As 
WT 


them beyond the  speed-of-light-barrier. 
Similarly with spaceships: no matter how much 
rocker power they have, they can't accelerate 
beyond the speed of light. 

That might seem to rule out both rapid space 
travel and travel back in time. However, there is 
a possible way out. It might be that one could 
warp space-time so that there was a shortcut 
between A and B, One way of doing this would 
be to create a wormhole between A and B. As its 
name suggests, a wormhole is a thin tube of 
space-time which can connect two nearly flat 


regions far apart (Fig. 10.4) 


ps 


rara 


Congres: of Alpha Centum 


Wormhole for cua ourney 


Worle or homeward jour 


Fig. 10.5 A space traveler could use a wormhole, which ts stationary with respect fo earth, as a shortcut to get from 
vent A to B and then come back through a moving wormhole and return to earth before he set ot, 
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‘There need be no relation between the dis- 
tance through the wormhole and the separation 
of its ends in the nearly flat background. Thus 


‘one could imagine that one could create or find 


a wormhole that would lead from the vicinity of 
the solar system to Alpha Centauri, The distance 


through the wormhole might be only a few mil- 


lion miles even though earth and Alpha 
Centauri are twenty million million miles apart 
in ordinary space. This would allow news of the 
100-meter race to reach the opening of the 
Congress. But then an observer moving toward 
the earth should also be able to find another 
wormhole that would enable him to get from 
the opening of the Congress on Alpha Centauri 
back to earth before the start of the race (Fig. 
10,5). So wormholes, like any other possible 
form of travel faster than light, would allow one 
to travel into the past, 

The idea of wormholes hetween different 
regions of space-time was not an invention of 
science fiction writers but came from a very 
respectable source, 

In 1935, Einstein and Nathan Rosen wrote a 


paper in which they showed that general relativ. 


ity allowed what they called "bridges," but 
which are now known as wormholes. The 
Einstein-Rosen bridges didn’t last long enough 
for a spaceship to get through: the ship would 


run into a singularity as the wormhole pinched 


Fig. 10.6 Ordinary matter gives space-time a positive 
curvature, like the surface of a sphere, To allow travel 
into the past, space-time must have ne 
like the surface of a saddle 


ative curvature, 


off (see Fig. 10.7). However, it has been suggest- 
ed that it might be possible for an advanced civ- 
ilization to keep a wormhole open. To do this, 
or to warp space-time in any other way so as to 
permit time travel, one can show that one needs 
a region of space-time with negative curvature, 
like the surface of a saddle (Fig, 10.6). Ordinary 
matter, which has a positive energy density, gives 


space-time a positive curvature, like the surface 
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In Era Rosen bridge a rie cee IN 


of a sphere, So what one needs, in order to warp 
space-time in a way that will allow travel into 
the past, is matter with negative energy density. 

Energy is a bit like money: if you have a pos- 
itive balance, you can distribute it in various 
ways, but according to the classical laws that 
were believed at the beginning of the century, 
you weren't allowed to he overdrawn. So these 
classical laws would have ruled out any possi- 
bility of time travel, However, as hay been 


described in earlier chapters, the classical Laws 


The worth pinches f to ferm two separate gute 


Fig. 10.7 Einstein-Rosen bridges are seormboles that 
can connect distant regions, but they don't stay open 
ong enough for anything to get through, 


were superseded by quantum laws based on the 
uncertainty principle: The quantum laws are 
more liberal and allow you to be overdrawn on 
‘one or two accounts provided the total balance is 


positi 


In other words, quantum theory allows 


the energy density to be negative in some places, 


provided that this is made up for by positive 
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energy densities in other places, so that the toral 
energy remains positive. An example of how 
quantum theory can allow 


sgative energy den- 
sities is provided by what is called the Casimir 
effect (Fig. 10.8). As we saw in Chapter 7, even 
what we think of as “empty” space is filled with 
pairs of virtual particles and antiparticles that 
appear together, move apart, and come hack 
together and annihilate each other. Now, sup- 
pose one h 


is two parallel metal plates a short 
distance apart. The plates will act like mirrors 
for the virtual photons or particles of light. In 


face they will form a cavity between them, a bit 


like an organ pipe that will resonate only at cer- 
tain notes. This means that virtual photons can. 
occur in the space between the plates only if 
their wavelengths (the distance between the 
crest of one wave and the next) fit a whole num- 
ber of times into the gap between the plates. If 
the width of a cavity is a whole number of wave- 
lengths plus a fraction of a wavelength, then 
after some reflections backward and forward 
between the plates, the crests of one wave will 
coincide with the troughs of another and the 
waves will cancel out. 

Because the virtual photons between the 
plates can have only the resonant wavelengths, 
there will be slightly fewer of them than in the 
region outside the plates where virtual photons 
can have any wavelength, Thus there will be 


Fig. 10.8 Empty space is “filled with pairs of virtual 
particles and antiparticles. A pair of metal plates will 
"actas mirrors for these particles, and allow only virtual 
pairs of certain resonant wavelengths to exist between 
them. This is known as the Casimir effect. 


slightly fewer virtual photons hitting the inside 
surfaces of the plates than the outside surfaces, 
One would therefore expect a force on the 
plates, pushing them toward each other, This 
force has actually been detected and has the pre- 


dicted value. Thus we have experimental evi- 
dence that virtual particles exist and have real 
effects. 

The fact that there are fewer virtual photons 
between the plates means thar their energy den- 
sity will be less than elsewhere, But the total 
energy density in “empty” space far away from 
the plates must be zero, because otherwise the 


energy density would warp the space and it 


would not be almost flat. So, if the energy den- 
sity between the plates is less than the energy 
density far away, it must be 


gative 

We thus have experimental evidence both 
that space-time can be warped (from the bend- 
ing of light during eclipses) and that it can be 
curved in the way necessary to allow time trav- 
el (from the Casimir effect). One might hope 


therefore that as we advance in science and tech- 


nology, we would eventually manage to build a 
time machine, But if so, why hasn't anyone 
come hack from the future and told us how to 
do it? There might be good reasons why it 
would be unwise to give us the secret of time 
travel at our present primitive state of develop- 


ment, but unless human nature changes radical 


ly, it is difficult ro believe that some visitor from 
the future wouldn't spill the beans, Of course, 
some people would claim thar sightings of UFOs 
are evidence that we are being visited either by 
aliens or by people from the future. (IF the aliens 


were to get here in reasonable time, they would 


need faster-than-light travel, so the two possibil- 
ities may be equivalent) 

However, 1 think that any visit by aliens or 
people from the future would be much more 
obvious and, probably, much more unpleasant. 
If they are going to reveal themselves at all, why 
do so only to those who are not regarded as reli- 


206 


able witnesses? If they are trying to warn us of 
some great danger, they are nor being very effec- 
tive. 

A possible way to explain the absence of vis- 
itors from the future would be to say chat the 
past is fixed because we have observed it and 
seen that it does not have the kind of warping 
needed to allow travel back from the future. On 
the other hand, the future is unknown and open, 
so it might well have the curvature required. 
This would mean that any time travel would be 


confined to the future, There would be no 


chance of Captain Kirk and the Starship 
Enterprise turning up at the present time, 
This might explain why we have nor yet been 


overrun by tourists from the future, but it would 


not avoid the problems that would arise if one 
were able to go back and change history. 
Suppose, for example, you went back and killed 
your great great grandfather while he was still a 
child. There are many ver 


ons of this paradox. 
but they are essentially equivalent: one would 
get contradictions if one were free to change the 
past. 

There seem to be two possible resolutions to 
the paradoxes posed by time travel. One I shall 
call the consistent histories approach. It says 
that even if space-time is warped so that it 
would be possible to travel into the past, what 
happens in space-time must be a consistent solu- 
tion of the laws of physics. According to this 
viewpoint, you could not go back in time unless 
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Suppose you went 
back and led your 
great great grandfather 
white he was a chid. 


history showed that you had already arrived in 
the past and, while there, had not killed your 
great great grandfather or committed any other 
acts that would conflict with your current situa- 
tion in the present, Moreover, when you did go. 
back, you wouldn't be able to change recorded 
history. That means you wouldn’t have free will 
to do what you wanted. Of course, one could. 
say thar free will is an illusion anyway. If there 
really is a complete unified theory that governs 
everything, it presumably also determines your 
actions. Bur it does so in a way that is impossi- 
ble to calculate for an organism that is as com- 
plicated as a human being. The reason we say 
that humans have free will is because we can't 
if the 
human then goes off in a rocket ship and comes 


predice what they will do. Howey 


back before he or she set off, we will be able to. 
will be 


part of recorded history. Thus, in that situation, 


predict what he or she will do becau 


the time traveler would have no free will. 

The other possible way to resolve the para- 
doxes of time travel might be called the alterna- 
tive histories hypothesis. The idea here is that 
when time travelers go back to the past, they 
enter alternative histories which differ from 
recorded history (Fig, 10.9). Thus they can act 
freely, without the constraint of consistency 
with their previous history, Steven Spielberg had 


ewe 


Fig, 10.9 One solution to time travel paradoxes would 
he 10 assume there area whole sees of alternative 
histories ich branch off from each other at certain 
crucial events: 


fun with this notion in the Back to the Future 
films: Marty McFly was able to go back and 
change his parent’s courtship to a more satisfac- 
tory history. 

‘The alternative histories hypothesis sounds 
rather like Richard Feynman's way of express- 
ing quantum theory as a sum over histories, 
which was described in Chapters 4 and 8. This 


Ogna history 
v no longer ests 
forte traver 


Other potable sterrate 
atone 


Sul anders 
reg alternate 
han 


“Tne travetar goes back and alters 
the history afte An arr 
story ne screen, 


said that the universe didn't just have a single 
history: rather it had every possible history, each. 
with its own probability, However, there seems 
to be an important difference between 
Feynman's proposal and alternative histories. In 


an 


Feynman's sum, each history comprises a com- 
plete space-time and everything in it. The space- 
‘time may be so warped that it is possible to trav- 
él in a rocket into the past. But the rocket would 
remain in the same spac 
same history, which would have to be consis- 


ime and therefore the 


tent, Thus Feynman's sum over histories pro- 


posal seems to support the consistent histories 
hypothesis rather than the alternative histories. 

The Feynman sum over histories does allow 
travel into the past on a microscopic scale. In 
Chapter 9 we saw that the laws of science are 
unchanged by combinations of the operations 
C, P, and T. This means that an antiparticle spin- 
ning in the anticlockwise direction and moving 
from A to B can also be viewed as an ordinary 
particle spinning clockwise and moving back- 
ward in time from B to A. Similarly, an ordinary 
particle moving forward in time is equivalent to 
an antipartiele moving backward in time, As has 
been discussed in this chapter and Chapter 7, 
“empty” space is filled with pairs of virtual par- 
ticles and antiparticles that appear together, 
move apart, and then come back together and 
annihilate each other. 

So, one can regard the pair of particles as a 
single particle moving on a closed loop in space- 
time (Fig. 10.10). When the pair is moving for- 
ward in time (from the event at which it appears 
to that at which it annihilates), it is called a par- 
ticle, But when the particle is traveling back in 
time (from the event at which the pair annihi 
lates to that at which it appears), itis said to be 
an antiparticle traveling forward in time. 

The explanation of how black holes can emit 
particles and radiation (given in Chapter 7) was 
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Fig. 10.10 An antiparticle can be regarded as a 
particle moving backward in time. A virtual particlel 
antiparticle pair can therefore be regarded as a 
particle moving on a closed loop im space-time. 


that one member of a virtual particle/antiparti- 
cle pair (say, the antiparticle) might fall into the 
black hole, leaving the other member without a 
partner with which to annihilate. The forsaken 
particle might fall into the hole as well, but it 
might also escape from the vicinity of the black 
hole. If so, to an observer at a distance it would 
appear to bea part y the black hole. 

One can, however, have a different bur equiv- 


cle emitted. 


alent intuitive picture of the mechanism for 
emission from black holes. One can regard the 
member of the virtual pair that fell into rhe 
black hole (say, the antiparticle) as a particle 


traveling backward in time out of the hole 
When it gets to the point at which the virtual 
particlelantiparticle pair appeared together, it is 
scattered by the gravitational field into a parti- 
cle traveling forward in time and escaping from 
the black hole (Fig. 10.11). If, instead, it were 
the particle member of the virtual pair that fell 
into the hole, one could regard it as an antipar- 
ticle traveling back in time and coming out of 
the black hole. Thus the radiation by black holes 
shows that quantum theory allows travel back 
in time on a microscopic scale and that such 
time travel can produce observable effects. 

One can therefore ask: does quantum theory 
allow time travel on macroscopic seale, which 


people could use? At first sight, it seems it 


Fig. 10,11 Tivo equivalent pictures of black hole radia 
om. On the left the antiparticle in a virtual par falls 
into the bole, leaving the particle free to 

tipartile falling mto the hole is regarded as a 
ticle traveling backward 
hole, 


ipe. On the 


K ime and coming out of 
the 


should. The Feynman sum over histories pro- 
posal is supposed to be over all histories. Thus it 
should include histories in which space-time is 
so warped that it is possible to travel into the 
past, Why then aren't we in trouble with histo: 
ry? Suppose, for example, someone had gone 
back and given the Nazis the secret of the atom 
bomb? 

One would avoid these problems if what 1 
call the chronology protection conjecture holds, 
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This says thar the laws of physics conspire to 


prevent macroscopic bodies from carrying infor 
mation into the past. Like the cosmic censorship. 
conjecture, it has nor been proved but there are 
reasons to believe it is true 

The reason to believe that chronology pro: 
tection operates is that when space-time is 
warped enough to make travel into the past pos 
sible, virtual particles moving on closed loops in 
space-time can become real particles traveling. 
forward in time at or below the speed of light. 
As these particles can go round the loop any 
number of times, they pass each point on their 
route many times (Fig, 10.12). Thus their ener- 
gy is counted over and over again and the ener- 
gy density will become very large. This could 


Fig. 10.12 In space-times that 
allow time travel, virtual 
particles can become real 
They will pass the same point 
of space-time many times and. 
can eause the energy density 
to become very large 


give space-time a positive curvature which would 
not allow travel into the past. It is nor yet clear 
whether these particles would cause positive or 
negative curvature or whether the curvature pro- 
duced by some kinds of virtual particles might 
cancel that produced 
by other kinds. Thus 
the 


time travel remains 


possibility of 


open. But I'm nor 


oing to bet on it 
My opponent might 
have the unfair 
advantage of know- 


ing the future 
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The Unification of Physics 


S WAS EXPLAINED IN THE FIRST CHAPTER, 
it would be very difficult to construct a 


A 


in the uni 


complete unified theory of everything 


erse all at one go. So instead we have 
made progress by finding partial theories that 


describe a limited range of happenings and by 


neglecting other effects or approximating them 
by certain numbers. (Chemistry, for example, 
allows us to calculate the interactions of atoms, 
without knowing the internal structure of an 
atom's nucleus.) Ultimately, however, one would 
hope to find a complete, consistent, unified the- 
ory that would include all these partial theories. 
as approximations, and that did not need to be 
adjusted to fit the facts by picking the values of 
certain arbitrary numbers in the theory. The. 
quest for such a theory is known as "the unifi- 
cation of physics." Einstein spent most of his 
later years unsuccessfully searching for a unified 
theory, but the time was nor ripe: there were 
partial theories for gravity and the electromag- 
netic force, but very little was known about the 
nuclear forces. Moreover, Einstein refused to 


believe in the reality of quantum mecha 


despite the important role he had played in its 
development. Yer it seems that the uncertainty 
principle is a fundamental feature of the uni- 
verse we live in, A successful unified theory 
must, therefore, necessarily incorporate this 
principle 

As I shall describe, the prospects for finding 
such a theory seem to be much better now. 
because we know so much more about the uni- 
verse. But we must beware of overconfidence — 
we have had false dawns before! At the begin- 
ning of this century, for example, it was thought 
that everything could be explained in terms of 
the properties of continuous matter, such as 
elasticity and heat conduction. The discovery of 


atomic structure and the uncertainty principle 


pur an emphatic end to that, Then again, in 
1928, physicist and Nobel prize winner Max 
Born told a group of visitors to Gottingen 
University, "Physics, as we know it, will he over 
in six months." His confidence was based on the 


recent discovery by Dirac of the equation that 


11.1 The pairs of virtual particles and antiparticles 
would give even "empty" space an infinite ener 

ty and would curve it up infinitely small, This infinite 
energy has to be subtracted out or cancele 


governed the electron. It was thought that a 


im- 
ilar equation would govern the proton, which 
was the only other particle known at the time, 
al physics 
However, the discovery of the neutron and of 


and that would be the end of theoret 


nuclear forces knocked that one on the head 
too. Having said this, I still believe there are 
grounds for cautious optimism that we may 
now be near the end of the search for the ulti- 
mate laws of nature. 

In previous chapters I have described general 
relativity, the partial theory of gravity, and the 


partial theories that govern the weak, the 


ee 


strong, and the electramagnetic forces, The last 
three may be combined in so-called grand uni- 
fied theories, or GUTS, which are nor very satis- 
factory because they do not include gravity and 
because they contain a number of quantities, 
like the relative masses of different particles, 
that cannot be predicted from the theory but 
have to be chosen to fit observations. The main 
difficulty in finding a theory that unifies gravity 
with the other forces is that general relativity is 
al" theor 
rate the uncertainty. principle of quantum 
mechanics. On the other hand, the other partial 


a "classi that is, it does not incorpo- 


theories depend on quantum mechanics in an. 
essential way. A necessary first step, therefore, is 
to combine general relativity with the uncertain. 


ty principle. As we have seen, this can produce 
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ee 
strength 
These tu 


adjustments are mot enough to cancel all the 


some remarkable consequences, such as black 


holes not being black, and the universe not hav 


ing any singularities but being completely sel 
contained and without a boundary. The trouble 


is, as explained in Chapter 7, that the uncertain 


ty principle means that even "empty" space is 


filled with pairs of virtual particles and antipar 


amount of energy and, therefore, by Einstein's 
famous equation E = me?, they would have an 


infinite amount of mass, Their gravitational 


attraction would thus curve up the universe to. 


infinitely small size (Fig. 11.1). 


Rather similar, seemingly absurd infinities 
occur in the other partial theories, but in all 
these cases the infinities can be canceled out hy 
a process called renormalization. This involves 
canceling the infinities by introducing other 


infinities. Although this technique is rather 


dubious mathematically, it does seem to work in 


practice, and has heen used with these theories 
to make predictions that agree with observa 
tions to an extraordinary degree of accuracy 
Renormalization, however, does have a serious 


drawback from the point of view of trying to 


find a complete theory, because it means that the 
actual values of the masses and the strengths of 
the forces cannot be predicted from the theory, 
but have to be chosen to fit the observations, 

In attempting to incorporate the uncertainty 
principle into general relativity, one has only 
two quantities that can be adjusted: the strength 
of gravity and the value of the cosmological con- 


Bur adjusting these is not sufficient to 


remove all the infinities (Fig. 11.2). One there 


Fig. 11.3 Im supergravity, particles of different spin are 
regarded as different aspects slo super 
partiele. 


fore has a theory that seems to predict that cer- 
tain quantities, such as the curvature of space- 
time, are really infinite, yet these quantities can 
be observed and measured to be perfectly finite! 
This problem in combining general relativity 
and the uncertainty principle had been suspect- 
ed for some time, but was finally confirmed by 
detailed calculations in 1972. Four years later, a 
possible solution, called "supergravity," was 
suggested. The idea was to combine the spin-2 
particle called the graviton, which carries the 
gravitational force, with certain other particles 


of spin 3/2, 1, 1/2, and 0. In a sense, all these 


+6 


spin son 1 


Fig. 11.4 The energy of the spin 1/2 and 3/2 virtual pairs 
is negative and cancels the positive energy of the spin 0, 
1 and 2 pairs, This will remove most of the infinties 


particles could then be regarded as different 
aspects of the same “superparticle,” thus unify- 
ing the matter particles with spin 1/2 and 3/2 
with the force-carrying particles of spin 0, 1, 
and 2 (Fig. 11,3). The virtual particle/antiparti- 
le pairs of spin 1/2 and 3/2 would have nega- 
tive energy, and so would tend to cancel out the. 
positive energy of the spin 2, 1, and 0 virtual 
pairs, This would cause many of the possible. 
infinities to cancel out (Fig. 11.4), but it was 
suspected that some infinities might still remain, 
However, the calculations required to find out 


whether or not there were any infinities left 


an 
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uncanceled were so long and difficult chat no. 
one was prepared to undertake them, Even with. 
a computer it was reckoned it would take at 
least four years, and the chances were very high. 
that one would make at least one mistake, prob- 
ably more. So one would know one had the 
right answer only if someone else repeated the 
calculation and got the same answer, and that 
did not seem very likely! 


Despite these problems, and the fact that the 


particles in the supergravity theories did not 


seem to match the observed particles, most 


entists believed that supergravity was probably 
the right answer to the problem of the unifica- 


tion of physics. It seemed the best way of unify- 


Fig, 11.6 
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ing gravity with the other forces. However, in 
1984 there was a remarkable change of opinion 
led string theories. In 
these theories the basic objects are not particles, 


in favor of what are c; 


‘which occupy a single point of space, but things 
thar have a length but no other dimension, like 
an infinitely thin piece of string. These strings 
may have ends (the so-called open strings) or 
they may be joined up with themselves in closed 
loops (closed strings). A particle occupies one 
point of space at each instant of time. Thus its 
history can be represented by a line in space- 
time (the "world-line"). A string, on the other 
hand, occupies a line in space at each moment of 


time, So its history in space-time is a two-dimen- 
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sional surface called the world-sheet. (Any point 
on such a world-sheet can be described by two. 
numbers, one specifying the time and the other 
the position of the point on the string.) The 
world-sheet of an open string is a strip: its edges 
ime of the 


represent the paths through spa 
ends of the string (Fig, 11.5). The world-sheet of 
a closed string is a cylinder or tube (Fig. 11.6):a 
slice through the tube is a circle, which repre- 
sents the position of the string at one particular 
time. 

‘Two pieces of string can join together to 
form a single string; in the case of open strings 
they simply join at the ends (Fig. 11.7), while in 
the case of closed strings it is like the two legs 
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joining om a pair of trousers (Fig. 11.8), 
Similarly, a single piece of string can divide into 
two strings. In string theories, what were previa 
ously thought of as particles are now pictured as 
waves traveling down the string, like waves on a 
vibrating kite string, The emission or absorption 
of one particle by another corresponds to the 
dividing or joining together of strings. For 
example, the gravitational force of the sun on 
the earth was pictured in particle theories as 
being caused by the emission of a graviton by a 
particle in the sun and its absorption by a parti- 
cle in the earth (Fig. 11.9). In string theory, this 
process corresponds to an H-shaped tube or 
pipe (Fig. 11.10) (string theory is rather like 
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Figs. 11.9, 10 In particle theories, long-range forces are 
pictured as being caused by the exchange of a 
force-carrying particle, but in string theory they are 
viewed as being caused by connecting tubes, 


plumbing, in a way). The two vertical sides of 
the H correspond to the particles in the sun and 
the earth and the horizontal crossbar corre 
sponds to the graviton that travels between 
them, 

String theory has a curious history. It was 
originally invented in the late 1960s in an 
attempt to find a theory to deseribe the strong 
force, The idea was that particles like the proton 
and the neutron could be regarded as waves on 


a string, The strong forces between the particles 


Fig. 11.10 


would correspond to pieces of string that went 
between other bits of string, as in a spider's web. 
For this theory to give the observed value of the 
strong force between particles, the strings had to 
be like rubber bands with a pull of abour ten 

In 1974 Joel Scherk from Paris and John 
Schwarz from the California Institute of 
Technology published a paper in which they 
showed that string theory could describe the 
gravitational force, but only if the tension in the 
string were very much higher, about a thousand 
million million million million million million 
tons (1 with thirty-nine zeros after it). The pre- 
dictions of the string theory would be just the 


= 


same as those of general relativity on normal 
length scales, bur they would differ at very small 
distances, less than a thousand million million 
million million millionth of a centimeter (a cen- 
timeter divided by 1 with thirty-three zeros after 
it). Their work did not receive much attention, 
however, because at just about that time most 
people abandoned the original string theory of 
the strong force in favor of the theory based on 
quarks and gluons, which seemed to fit much 
better with observations. Scherk died in tragic 
circumstances (he suffered from diabetes and 
went into a coma when no one was around to 
give him an injection of insulin), So Schwarz 
was left alone as almost the only supporter of 
string theory, but now with the much higher 
proposed value of the string tension. 

In 1984 interest in strings suddenly revived, 
apparently for two reasons. One was that peo- 
ple were not really making much progress 
toward showing that supergravity was finite or 
that it could explain the kinds of particles that 
we observe, The other was the publication of a 
paper by John Schwarz and Mike Green of 
Queen Mary College, London, that showed that 
string theory might be able to explain the exis- 
tence of particles that have a builtin left-hand- 
edness, like some of the particles that we 
observe, Whatever the reasons, a large number 
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Fig. 11.11 Closed strings combining to form sheets in 
space-time. If all elementary particles are treated as 
strings, a consistent quantum theory might be possible 
that accounts for all four fundamental forces. 


of people soon began to work on string theory 
and a new version was developed, the so-called 
heterotic string, which seemed as if it might be 
able to explain the types of particles thar we 
observe. 

String theories also lead to infinities, but it is 
thought they will all cancel out in versions like 
the heterotic string (though this is not yet 


known for certain). String theories, however, 


have a bigger problem: they seem to be consis- 


tent only if space-time has either ten or twenty- 


Fig. 11.12 


six dimensions, instead of the usual four! Of 


course, extra space-time dimensi 


monplace of science fiction indeed, they provide 


ns are a com- 


an ideal way of overcoming the normal restric- 
tion of general relativity that one can not travel 
faster than light or back in time (see Chapter 10). 
"The idea is to take-a shortcut through the extra 
dimensions, One can picture this in the following, 
way. Imagine that the space we live in has only 
two dimensions and is curved like the surface of 
an anchor ring or torus (Fig. 11.12). If you were 
on one side of the inside edge of the ring and you 
wanted to get to a point on the other side, you 
would have to go round the inner edge of the 
ring. However, if you were able to travel in the 


third dimension, you could cur straight across. 


Why don't we notice all these extra dimen- 
sions, il they are really there? Why do we see. 
only three space dimensions and one time 
dimension? The suggestion is that the other 
dimensions are curved up into a space of very 
small size, something like a million million mil- 
lion million millionth of an inch, This is so small 
that we just don't notice it: we see only one time 
dimension and three space dimensions, in which 
space-time is fairly flat. It is like the surface of a 
straw. If you look at it closely, you see it is two- 
dimensional (the position of a point on the 
straw is described by two numbers, the length. 

long the straw and the distance round the cir- 
cular direction). But if you look at it from a dis- 
tance, you don’t see the thickness of the straw. 
(Fi 
position of a point is specified only by the length 


ig. 11.13) and it Jooks one-dimensional (the 
along the straw), So it is with space-time: on a 
very small scale it is ten-dimensional and highly 
curved, but on bigger scales you don't see the 
curvature or the extra dimensions. If chis picture 
is correct, it spells bad news for would-be space 
travelers: the extra dimensions would be far too 
small to allow a spaceship through. However, it 
raises another major problem. Why should 
some, but nor all, of the dimensions be curled up 


into a small ball? Presumably, in the very early 
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universe all the dimensions would have been 
very curved. Why did one time dimension and 
three space dimensions flatten our, while the 
other dimensions remain tightly curled up? 
‘One possible answer is the anthropic principle. 
Two space dimensions do not seem to be enough 
to allow for the development of complicated 
beings like us. For example, two-dimensional 
animals living on a one-dimensional earth 
would have to climb over each other in order to 
get past each other. If a two-dimensional creature 
ate something it could nor digest completely, it 
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Fig. iaa 


Fig. 11,14 A two-dimensional animal with a digestive 

tract would fall apart. 

Fig. 11.13 A straw I 

cylinder at close range 
nal line 


s like a two-dimensional 
but from a distance it looks like 


a one-dimer 


would have ro bring up the remains the same 
way it swallowed them, because if there were a 
passage right through its body, it would divide 
the creature into two separate halves: our two- 
1144) 
Similarly, it is difficult to see how there could be 


dimensional being would fall apart (Fig. 


any circulation of the blood in a two-dimen 
sional creature. 

There would also be problems with more 
than three space dimensions. The gravitational 


force between two bodies would decrease more 


rapidly with distance than it does in three 
s the gravita- 


dimensions. (In three dimensi 
tional force drops to 1/4 if one doubles the dis- 


tance. In four dimensions it would drop to 1/8, 


in five dimensions to 1/16 and so on.) The sig- 
nificance of this is that the orbits of planets, like 
the earth, around the sun would be unstable: the 
least disturbance from a circular orbit (such as 


would be caused by the gravitational attraction 


of other planets) would result in the earth spi- 
raling away from or into the sun. We would 
either freeze or be burned up, In fact, the same 
behavior of gravity with distance in more than 
three space dimensions means that the sun 
would nor be able to exist in a stable state with 
pressure balancing gravity. It would either fall 
apart or it would collapse to form a black hole. 
In either case, it would not be of much use as a 
source of heat and light for life on earth, On a 
smaller scale, the electrical forces that cause the 
electrons to orbit round the nucleus in an atom 
would behave in the same way as gravitational 
forces, Thus the electrons would either escape 
from the atom altogether or would spiral into 
the nucleus. In either case, one could nor have 
atoms as we know them, 

It seems clear then that life, at least as we 
know it, can exist only in regions of space-time 


in which one time dimension and three space 
dimensions are not curled up small. This would 
mean that one could appeal to the weak 
anthropic principle, provided one could show 
that string theory does at least allow there to be 
such regions of the universe — and ir seems that 
indeed string theory does. There may well be 
other regions of the universe, or other universes 
(whatever that may mean), in which all the 
dimensions are curled up small or in which more 
than four dimensions are nearly flat, but there 
‘would be no intelligent beings in such regions to 
observe the different number of effective dimen- 

Another problem is that there are atleast four 
different string theories (open strings and three 
different closed string theories) and millions of 
ways in which the extra dimensions predicted by 
string theory could be curled up. Why should just 
one string theory and one kind of curling up be 
picked out? For a time there seemed no answer, 
and progress got bogged down. Then, from 
about 1994, people started discovering what are 
called du 


ferent ways of curling up the extra dimensions 


ities: different string theories and dil 


could lead to the same results in four dimensions, 


Moreover, as well as particles, which occupy a 
single point of space, and strings, which are lines, 


there were found to be other objects called p- 
branes, which occupied two-dimensional or 
bigher-dimensional volumes in space. (A particle 
can be regarded as a O-brane and a string as a 1- 
brane but there were also p-branes for p=2 to 


P 


a sort of democracy among supergravity, string, 


|) What this seems to indicate is that there is 


and p-brane theories: they seem to fit together 
but none can be said to be more fundamental 
than the others. They appear to he different 
approximations to some fundamental theory 
that are valid in different situations, 

People have searched for this underlying the- 
ory, but without any success so far. However, I 
believe there may not be any single formulation 
of the fundamental theory any more than, as 
Godel showed, one could formulate arithmetic in 
terms of a single set of axioms. Instead it may be 
like maps — you can't use a single map to 
describe the surface of the earth or an anchor 
ring: you need at least two maps in the case of 
the earth and four for the anchor ring to cover 
every point. Each map is valid only in a limited 
region, but different maps will have a region of 
overlap. The collection af maps provides a com- 
plete description of the surface (Fig. 11,15) 
Similarly, in physies it may be necessary to use 


different formulations in different situations, but 
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Fig. 11.15 From a mathematical point of view the 
surface of the earth cannot be covered hy a single map. 
— one needs at least two overlapping maps. Similarly, it 
may not be possible ta give a single fundamental 
formulation of theoretical physics: it may be necessary 
to use different formulations in different situations. 


two different formulations would agree in situ 


tions where they can both be applied. The whole 
collection of different formulations could be 
regarded as a complete unified theory, though 
one that could not be expressed in terms of a sin- 


gle set of postulates. 


Bur can there really be such a unified theo 


Or are we perhaps just chasing a mirage? There 
seem to be three possibilities 

1) There really is a complete unified theory, 
(or a collection of overlapping formulati 


which we will someday discover i we are s 
enough. 

2) There is no ultimate theory of rhe uni- 
verse, just an infinite sequence of theories that 
describe the uni 


erse more and more accurately, 

3) There is no theory of the universe: events 
‘cannot be predicted beyond a certain extent but 
occur in a random and arbitrary manner. 

Some would argue for the third possibility on 
the grounds that if there were a complete set of 
laws, that would infringe God's freedom to 
change his mind and intervene in the world. Its 
a bit like the old paradox: can God make a stone 
so heavy that he can't lift it? Bur the idea that 
God might want to change his mind is an exam- 
ple of the fallacy, pointed out by St. Augustine, 
of imagining God as a being existing in time: 
time is a property only of the universe that God 
created, Presumably, he knew what he intended 
when he set it u 


With the advent of quantum mechanics, we 


have come to recognize that events cannot be 
predicted with complete accuracy but that there. 
is always a degree of uncertainty. IF one likes, 


Can God make a stone so heavy that 


ant life? 


one could ascribe this randomness to the inter- 
vention of G 


d, but it would be a very strange 
kind of intervention: there is no evidence thar it 
is directed toward any purpose. Indeed, if it 
were, it would by definition not be random, In 
modern times, we have effectively removed the 
third possibility above by redefining the goal of 
science: our aim is to formulate a set of laws 
that enables us to predict events only up to the 
limit set by the uncertainty principle. 


"The second possibility, that there is an in 


nite sequence of more and more refined theories, 
is in agreement with all our experience so far. 
On many occasions we have increased the sens 


tivity of our measurements or made a new class 
of observations, only to discover new phenome- 
ma that were not predicted by the existing theo- 
Ty, and to account for these we have had to. 
develop a more advanced theory. It would there- 
fore not be very surprising if the present genera- 
tion of grand unified theories was wrong in 
claiming that nothing essentially new will hap- 
pen between the electroweak unification energy 
of about 100 GeV and the grand unification 
energy of about a thousand million million GeV. 
We might indeed expect to find several new lay- 
ers of structure more basic than the quarks and 
electrons that we now regard as "elementary" 
particles 

However, it seems that gravity may provide a 
limit to this sequence of "boxes within boxes." 
If one had a particle with an energy above what 
is called the Planck energy, ten million million 
million GeV (1 followed by nineteen zeros), its 
mass would be so concentrated that it would cut 
itself off from the rest of the universe and form 
a little black hole. Thus it does seem that the 
sequence of more and more refined theories 


should have some limit as we go to higher and 


higher energies, so that there should be some 
ultimate theory of the universe (Fig. 11.16). Of 
course, the Planck energy is a very long way 
from the energies of around a hundred GeV, 
which are the most that we can produce in the 
laboratory at the present time. We shall nor 
bridge that gap with particle accelerators in the 
foreseeable future! The very early stages of the 


universe, however, are an arena where such 


energies must have occurred. I think that there is 
a good chance that the study of the early uni- 
verse and the requirements of mathematical 
consistency will lead us to a complete unified 
theory within che lifetime of some of us who are 
around today, always presuming we don't blow 
ourselves up first 

What would it mean if we actually did dis- 
cover the ultimate theory of the universe? As 
was explained in Chapter 1, we could never be 
quite sure that we had indeed found the correct 
theory, since theories can't be proved. But if the 
theory was mathematically consistent and 
always gave predictions that agreed with obser- 
vations, we could be reasonably confident that it 
was the right one, It would bring to an end a. 
long and glorious chapter in the history of 
humanity's intellectual struggle to understand. 
the universe, But it would also revolutionize the 
ordinary person's understanding of the laws 


romodynamics (OCD) 


that govern the universe. In Newton's time it in outline. But since then, the pace of the devel- 


was possible for an educated person to havea opment of science has made this impossible 


grasp of the whole of human knowledge, at least Because theories are always being changed to 


account for new observations, they 


properly digested or simplified so that ordinary 
people can understand them, You have to be a 


specialist, and even then you can only hope to 


ea proper grasp of a small proportion of the 
scientific theories. Further, the rate of progress is 
so rapid thar what one learns at school or uni- 


versity is always a bit out of date, Only a fe 
people can keep up with the rapidly advancing 
frontier of knowledge, and they have to devote 
their whole time to it and specialize in a small 
area. The rest of the population has litle idea of 
the advances that are being made or the excite- 
ment they are generating. Seventy years ago, if 
Eddington is to be believed, only two people 
understood the general theory of relativity. 
Nowadays tens of thousands of university grad- 
uates do, and many millions of people are at 
least familiar with the idea. If a complete unified 
theory was discovered, it would only be a mat- 
ter of time before it was digested and simplified 
in the same way and taught in schools, at least 
in outline, We would then all be able to have 
some understanding of the laws that govern the 
universe and are responsible for our existence. 
Even if we do discover a complete unified 
theory, it would nor mean that we would be able 
to predict events in general, far two reasons. 
The first is the limitation that the uncertainty 


principle of quantum mechanics sets on our 
powers of prediction. There is nothing we can 
do to get around that. In practice, however, this 
first limitation is less restrictive than the second 
one. It arises from the fact that we could not 
solve the equations of the theory exactly, except 
in very simple situations. (We cannot even solve 
exactly for the motion of three bodies in 
Newton's theory of gravity, and the difficulty 
increases with the number of bodies and the 
complexity of the theory.) We already know the 
laws that govern the behavior of matter under 
all but the most extreme conditions, In particu- 
lar, we know the basic laws that underlie all of 
chemistry and biology, Yet we have certainly nor 
reduced these subjects to the status of solved. 
problems: we have, as yet, had little success in 
predicting human behavior from mathematical 
equations! So even if we do find a complete set 
of basic laws, there will still be in the years 
ahead the intellectually challenging task of 
developing better approximation methods, so 
thar we can make useful predictions of the prob- 


able outcomes in complicated and realistic situ- 
ations. A complete, consistent, unified theory is 
only the first step: our goal is a complete under- 
standing of the events around us, and of our 


own existence, 
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Conclusion 


E FIND OURSELVES in a bewildering 
world, We want to make sense of 


W 


what is che nature of the universe? What is our 


what we see around us and to ask: 


place in it and where did ir and we come from? 
Why is it the way it is? 

To try to answer these questions we adopt 
some "world picture." Just as an infinite tower 
of tortoises supporting the flat earth is such a 
picture, so is the theory of superstrings, Both are 
theories of the universe, though the latter is 
much more mathematical and precise than the 
former. Both theories Jack observational evi- 
dence: no one has ever seen a giant tortoise with 
the earth on its back, but then, no one has seen 
a superstring either. However, the tortoise theo- 
ry fails xo be a good scientific theory because it 
predicts that people should be able to fall off the 
edge of the world, This has nor been found to 
agree with experience, unless that turns out to 
be the explanation far the people who are su 


ed in the Bermuda 


posed to have disappes 
Triangle! 


The earliest theoretical attempts to describe 
and explain the universe involved the idea that 
events and natural phenomena were controlled 
by spirits with human emotions who acted in a 
very humanlike and unpredictable manner. 
These spirits inhabited natural objects, like 
rivers and mountains, including celestial bodies, 
like the sun and moon. They had to be placated 
and their favors sought in order to ensure the 
fertility of the soil and the rotation of the sea- 
sons. Gradually, however, it must have been 
noticed that there were certain regularities: the 
sun always rose in the east and set in the west, 
whether or not a sacrifice had been made to the 
sun god, Further, the sun, the moon, and the 
planets followed precise paths across the sky 
that could be predicted in advance with consid- 
erable accuracy. The sun and the moon might 
still be gods, but they were gods who obeyed 
strict laws, apparently without any exceptions, 


Fig. 12.1 Some of the theoretical models noted in this 
book that attempt to explain the universe 


ations. However, as civilization developed, and 


if one discounts stories like that of the sun stop- 


ping for Joshua. particularly in the last 300 years, more and 
more regularities and laws were discovered. The 


At first, these regularities and laws were 
success of these laws led Laplace at the begin- 


obvious only in astronomy and a few other situ- 
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ning of the nineteenth century to postulate sci- 
entific determinism; that is, he suggested that 
there would be a set of laws that would deter- 
mine the evolution of the universe precisely, 
given its configuration ar one time. 

Laplace's determinism was incomplete in 
two ways. It did nor say how the laws should be 
chosen and it did not specify the initial configu- 
ration of the universe, These were left to God. 
God would choose how the universe began and 
what laws it obeyed, but he would not intervene 
in the universe once it had started, In effect, God 
confined to the areas that nineteenth-centu- 


ry science did not understand. 
We now know that Laplace's hopes of deter- 


minism cannot be realized, at least in the terms 


he had in mind. The uncertainty principle of 
quantum mechanics implies that certain pairs of 
quantities, such as the position and velocity of a 
particle, cannot both be predicted with complete 
accuracy, Quantum mechanics deals with this 
situation via a class of quantum theories in 
which particles don't have well-defined posi- 
tions and velocities bur are represented by a 
wave. These quantum theories are deterministic 


Left: "The Creation of Adam” by Michelangelo. Laplace 
theorized that God chose how the universe began and 
what laus it would obey, but did not intervene thereafter, 


in the sense that they give laws for the evolution 
of the wave with time, Thus if one knows the 
wave at one time, one can calculate it at any 
other time, The unpredictable, random element 
comes in only when we try to interpret the wave 
in terms of the positions and velocities of parti- 
cles. Bur maybe that is our mistake: maybe there 
are no particle positions and velocities, but only 
waves. It is just that we try to fit the waves to 
our preconceived ideas of positions and veloci- 
ties. The resulting mismatch is the cause of the 


apparent unpredictability 

In effect, we have redefined the task of sci- 
ence to be the discovery of laws thar will enable 
us to predict events up to the limits set by the 
uncertainty principle. The question remains, 
however: how or why were the laws and the ini- 
tial state of the universe chosen? 

In this book I have given special prominence 
to the laws that govern gravity, because it is 
gravity that shapes the large-scale structure of 
the universe, even though itis the weakest of the 
four categories of forces. The laws of gravity 
were incompatible with the view held until quite 
recently that the universe is unchanging in time: 
the fact that gravity is always attractive implies 
that the universe must be either expanding or 
contracting, According to the general theory of 
relativity, there must have been a state of infinite 


density in the past, the big bang, which would 
have been an effective beginning of time. 
Similarly, if the whole universe recollapsed, 
there must be another state of infinite density in 
the future, the big crunch, which would be an 
end of time, Even if the whole universe did not 
recollapse, there would be singularities in any 
localized regions that collapsed to form black 
holes. These singularities would be an end of 
time for anyone who fell into the black hole. At 
the big bang and other singularities, all the laws 
would have broken down, so God would still 
have had complete freedom to choose what hap- 
pened and how the universe began. 

When we combine quantum mechanics with 
general relativity, there seems to be a new possi- 
bility that did nor arise before: that space and 
time together might form a finite, four-dimen- 
sional space without singularities or boundaries, 
like the surface of the earth bur with more 
dimensions. It seems that this idea could explain 
many of the observed features of the universe, 
such as its large-scale uniformity and also the 


smaller-scale departures from homogeneity, like 


galaxies, stars, and even human beings. It could 
even account for the arrow of time that we 


observe, But if the universe is completely self- 
contained, with no singularities or boundaries, 
and completely described by a unified theory, 
that has profound implications for the role of 
God as Creator. 

Einstein once asked the question: "How 
much choice did God have in constructing the 
universe?" If the no boundary proposal is cor- 
rect, he had no freedom at all to choose initial 
conditions. He would, of course, still have had 
the freedom to choose the laws that the universe 
obeyed. This, however, may not really have been 


all that much of a choice; there may well be only 


one, or a small number, of complete unified the- 
ories, such as the heterotic string theory, thar are 
self-consistent and allow the existence of struc- 
tures as complicated as human beings who can 
investigate the laws of the universe and ask 
about the nature of God. 

Even if there is only one possible unified the- 
ory, itis just a set of rules and equations. What 
is it thar breathes fire into the equations and 
makes a universe for them to describe? The 
usual approach of science of constructing a 
mathematical model cannot answer the ques- 
tions of why there should be a universe for the 


model to describe. Why does the universe go to. 
all the bother of existing? Is the unified theory 
so compelling that it brings about its own exis 
tence? Or does it need a creator, and, if so, does 
he have any other effect on the universe? And 
who created him? 

Up to now, most scientists have been too 


occupied with the development of new theories 


thar describe what the universe is to ask the 
question why. On the other hand, the people 
whose business it is to ask why, the philosophers, 
have not been able to keep up with the advance 
of scientific theories, In the eighteenth century, 
philosophers considered the whole of human 


10 be their field 


knowledge, including scien 
and discussed questions such as: did the universe 


have a beginning? However, in the nineteenth 


and twentieth centuries, science became too tech 
nical and mathematical for the philosophers, or 
anyone else excepta few specialists. Philosophers 
reduced the scope of their inquiries so much thar 


Wittgenstein, the most famous philosopher of 


task for 
What a 


this century, said, "The sole remainin; 


philosophy is the analysis of langua 


comedown from the great tradition of philoso 


phy from Aristotle to Kant! 


However, if we do discover a complete theo- 
ry, it should in time be understandable in broad 
principle by everyone, not just a few scientists 
Then we shall all, philosophers, scientists, and 
just ordinary people, be able to take part in the 
discussion of the question of why it is thar we 
and the universe exist. If we find the answer to 
thar, it would be the ultimate triumph of human 
reason — for then we would know the mind of 
God 


Albert 


E INSTEIN'S connection with the politics of the 


famous letter to President Franklin Roosevelt 


nuclear bomb is well known: he signed the 


that persuaded the United States to take the idea 
seriously, and he engaged in postwar efforts to 
prevent nuclear war, But these were not just the 
isolated actions of a scientist dragged into the 
world of politics, Einstein's life was, in fact, to 
use his own words, "divided between politics 
and equations." 

Einstein's earliest political activity came dur- 
ing the First World War, when he was a profes- 
sor in Berlin, Sickened by what he saw as the 
waste of human lives, he became involved in 
antiwar demonstrations, His advocacy of civil 
disobedience and public encouragement of peo- 
ple to refuse conscription did little to endear him 
to his colleague: 


Then, following the war, he 
directed his efforts toward reconciliation and 
improving international relations, This, too, did 
not make him popular, and soon his politics 
were making it difficult for him to visit the 


United even to give lecture 


Einstein 


Above: Albert Einstein (1879-1955), This phorognaph. 
was taken at the turn of the century. 

Opposite: Einstein and his wife, Elsa, arriving on a visit 
to San Diego, California, on New Year Eve 1930. He 
teas to leave Germany for good three years later. 


Einstein's second great cause was Zionism. newspaper displayed the headline "Good News 


Although he was Jewish by descent, Einstein from Einstein — He's Not Coming Back." In the 
rejected the biblical idea of God. However, a face of the Nazi threat, Einstein renounced paci- 
growing awareness of anti-Semitism, borh — fism, and eventually, fearing that German scien 
before and during the First World War, led him tists would build a nuclear bomb, proposed that 


gradually to identify with the — We. gar the United States should 


Jewish community, and later jy develop its own. Bur even 


before the first atomic bomb. 


fo become an outspoken 


supporter of Zionism. Once ] had been detonated, he was 


more unpopularity did nor publicly warning of the dan- 


stop him from speaking his Bl gers of nuclear war and 
mind. His theories came proposing international con- 
under attack; an anti trol of nuclear weaponry. 

Einstein organization was Throughout his life, 
even set up. One man was Einstein’s efforts toward 
convicted of inciting others peace probably achieved lit- 
to murder Einstein (and tle that would last — and 


fined a mere six dollars). But certainly won him few 
Einstein was phlegmatic. When a book was pub- — friends. His vocal support of the Zionist cause, 
lished entitled 100 Authors Against Einstein, he — however, was duly recognized in 1952, when he 
retorted, "IF I were wrong, then one would have was offered the presidency of Israel. He 
been enough! declined, saying he thought he was too naive in 

In 1933, Hitler came to power, Einstein was _ politics. But perhaps his real reason was differ- 
in America, and declared he would not return to — ent: to quote him again, "Equations are more 
Germany. Then, while Nazi militia raided his — important to me, because politics is for the pre- 


house and confiscated his bank account, a Berlin — sent, but an equation is something for eternity.” 


Galileo 


E ALILEO, perhaps mare than any other sin- 


modern science, His renowned conflict with the 


gle person, was responsible for the birth of 


Catholic Church was central to his philosophy, 
for Galileo was one of the first to argue that 
man could hope to understand how the world 
works, and, moreover, that we could do this 
by observing the real world. 

Galileo had believed Copernican theory 
(chat the planets orbited the sun) since 
early on, but it was only when he found 
the evidence needed to support the idea 
that he started to publicly support it. 
He wrote about Copernicus's theory 
in Malian (nor the usual academic 
Latin), and soon his views became 
widely supported outside the 


universities. This annoyed the 


Aristotelian professors, who united against him 
seeking to persuade the Catholic Church to ban 
Copernicanism. 

Galileo, worried by this, traveled to Rome to. 


speak to the ecclesiastical authorities. He argued 


Galilei 


that che Bible was nor intended to. 


tell us anything about scientific the- 


ries, and that it was usual to assume 
that, where the Bible conflicted with 
common sense, it was being allegorical, 
Bur the Church was afraid of a scandal 
that might undermine its fight against 
Protestantism, and so took repres 


ve mea- 
sures, It declared Copernicanism "false and 
erroneous" in 1616, and commanded Galileo. 


never again to "defend or hold" the doctrine. 
Galileo acquiesced. 

In 1623, a longtime friend of Galileo's 
became the Pope. Immediately Galileo tried to. 
d, but he 
did manage to get permission to write a book 


get the 1616 decree revoked. He 


discussing both Aristotelian and Copernican the- 
ries, on two conditions: he would not take sides 
and would come to the conclusion that man 
could in 


any case not determine how the world 


worked because God could bring about the same 
effects in ways unimagined by man, who could 
not place restrictions on God's omnipotence, 
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The 


Chief World Systems, was completed and pub. 


sors — and was immediately greeted throughout 


Europe as a literary and philosophical master 


n the Pope, realizing 


piece, Sol hat people were 
seeing the book as a convincing argument in 
favor of Copernicanism, regretted having 
allowed its publication. The Pope argued that 


although the book had the official blessing of 
nevertheless contra- 


the censors, Galileo had 


vened the 1616 decree brought Galileo 


before the Inquisition, who sentenced him to 


house arrest for life and commanded him to 


publicly renounce Copernicanism. For a second 
time, Galileo acquiesced. 
Galileo remained a faithful Catholic, but his 


belief in the independence of 


been 


while he was still under house arrest, the manu- 
script of his second major book was smuggled to 


a publisher in Holland, It was this work 


referred to as Tivo New Sciences, even more than 


his support for Copernicus, that was to be the 


Or f 
Leit: Galileo's “Sidereus Nuncius," published i 1610, 


Isaac Newton 


E NEWTON was not a pleasant man. His 


ous, with most of his later life spent embroiled 


relations with other academics were notori- 


in heated disputes. Following publication of 
Principia Mathematica — surely the most influ- 
ential book ever written in physics — Newton 
had risen rapidly into public prominence. He 
was appointed president of the Royal Society 
and became the first scientist ever to be knight- 
ed. 

Newton soon clashed with the Astronomer 
Royal, John Flamstecd, who had earlier provid- 
ed Newton with much needed for 


Principia, but was now withholding informa- 


tion that Newton wanted. Newton would not 
take no for an answer: he had himself appoint- 
ed to the governing body of the Royal 
Observatory and then tried to force immediate 
publication of the data. Eventually he arranged 
for Flamsteed's work to be seized and prepared 
for publication by Flamsteed's mortal enemy, 
Edmond Halley. But Flamsteed took the case to 


court and, in the nick of time, won a court order 
preventing distribution of the stolen work. 
Newton was incensed and sought his revenge by. 
all 


Flamsteed in later editions of Principia. 


systematically. deleting. references to 

A more serious dispute arose with the 
German philosopher Gottfried Leibniz. Both 
Leibniz and Newton had independently devel- 
oped a branch of mathematics called calculus, 
which underlies most of modern physics 
Although we now know thar Newton discov- 
ered calculus years before Leibniz, he published 
his work much later. A major row ensued over 
who had been first, with scientists vigorously 
defending both contenders. It is remarkable, 
however, that most of the articles appearing in 
defense of Newton were originally written by 
his own hand —and only published in the name 
of friends! As the row grew, Leibniz made the 
mistake of appealing to the Royal Society to. 
resolve the dispute, Newton, as president, 


appointed an "impartial" committee to investi 


of 


consisting entirely 


gate, coincidentally 
Newton's friends! But that was not all; Newton. 
then wrote the committee's report himself and 
had the Royal Society publish it, officially accus- 
ing Leibniz of plagiarism. Still unsatisfied, he 
then wrote an anonymous review of the report 
in the Royal Society's own periodical. Following 
the death of Leibniz, Newton is reported to have 


declared that he had taken great satisfaction in 


breaking Leibniz's heart." 
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During the period of these two disputes, 
had already left Cambridge and ac 


Newton 
deme, He had been active in anti-Catholic poli- 
tics at Cambridge, and later in Parliament, and 
was rewarded eventually with the lucrative post 
of Warden of the Royal Mint, Here he used his 
talents for deviousness and vitriol in a more 
socially acceptable way, successfully conducting a 
major campaign against counterfeiting, even 


sending several men to their death on the gallows, 


Glossary 


Absolute zero: The lowest possible temperature, 
ar which substances contain no heat energy 
Acceleration: The rate at which the speed of an 
‘object is changing 

Anthropic principle: We see the universe the 
way it is because if it were different we would 
not be here ro observe it 

Antiparticle: Each type of matter particle has a. 
corresponding antiparticle, When a particle 
collides with its antiparticle, they annihilate, 
leaving only energy. 

Atom: The basic unit of ordinary matter, made 
up of a tiny nucleus (consisting of protons and. 
neutrons) surrounded by orbiting electrons. 


Big bang: The singularity ar the beginning of the 
Big crunch: The singularity at the end of the 
Black hole: A region of space-time from which 
nothing, nor even light, can escape, because 
gravity is so strong, 


Casimir effect; The attractive pressure between 
two flat, parallel metal plates placed very near 
to each other in a vacuum, The pressure is due 
to a reduction in the usual number of virtual 
particles in the space between the plates 

Chandrasekhar limit: The maximum possible 
mass of a stable cold star, above which it mast 
collapse into a black hole. 


Conservation of energy: The law of science that 
states that energy (or its equivalent in mass) 
can neither be created nor destroyed. 

Coordinates: Numbers that specify the position 
of a point in space and time, 

Cosmological constant: A mathematical device 
used by Einstein to give space-time an inbuilt 
tendency to expand. 

Cosmology: The study of the universe as a 
whole. 


Dark matter; Matter in galaxies, clusters, and 
possibly between clusters, thar can not be 
observed directly bur can be detected by its 
gravitational effect. As much as 90 percent of 
the mass of the universe may be in the form of 
dark matter 

Duality: A correspondence between apparently 
different theories that lead to the same physi- 
cal results. 


Einstein-Rosen bridge: A thin tube of space-time 
linking two black holes, Also see Wormhole. 

Electric charge: A property of a particle by 
which it may repel (or attract) other particles 
that have a charge of similar (or opposite) 
sign 

Electromagnetic force: The force that arises 
between particles with electric charge; the sec- 
ond strongest of the four fundamental forces. 

Electron: A particle with negative electric charge 
that orbits the nucleus of an atom. 
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Electroweak unification energy: The energy 
(around 100 GeV) above which the distinction 
between the electromagnetic force and the 
weak force disappears. 

Elementary particle: A particle that, it is 
believed, cannot be subdivided. 

Event: A point in space-time, specified by its 
time and place, 

Event horizon: The boundary of a black hole, 

Exclusion principle: The idea that two identi 
spin-1/2 particles cannot have (within the lim- 
its set by the uncertainty principle) both the 
same position and the same velocity 


Field: Something that exists throughout space 
and time, as opposed to a particle that exists 
at only one point at a time. 

Frequency: For a wave, the number of complete 
cycles per second. 


Gamma rays: Electromagnetic rays-of very short 
wavelength, produced in radioactive decay or 
by collisions of elementary particles. 

General relativity: Einstein's theory based on the 
idea chat the laws of science should be the 
same for all observers, no matter how they are 
moving, It explains the force of gravity in 
terms of the curvature of a four-dimensional 
space-time, 

Geodesic: The shortest (or longest) path 
between two points. 

Grand unification energy: 


"The energy above 


which, itis believed, the electromagnetic force, 
weak force, and strong force become indistin- 
guishable from each other. 

Grand unified theory (GUT): A theory which 
unifies the electromagnetic, strong, and weak 
forces, 


Imaginary time 
numbers. 


Time measured using imaginary 


Light cone: A surface in space-time that marks. 
‘out the possible directions for light rays 
passing through a given event. 

Light-second (Light year): the distance traveled. 
by light in one second (year) 


Magnetic field: The field responsible for mag- 
netic forces, now incorporated along with the 
electric field, into the electromagnetic field. 

Mass: The quantity of matter in a bodys its 
inertia, or resistance to acceleration. 

Microwave background radiation: The radiation 
from the glowing of the hot early universe, 
now so greatly red-shifted that it appears nor 
as light but as microwaves (radio waves with 
a wavelength of a few centimeters), See also 
COBE, on pages 180-181. 


Naked singularity: A space-time singularity nor 
surrounded by a black hole. 

Neutrino: An extremely light (possibly massless) 
particle that is affected only by the weak force 
and gravi 


Neutron: An uncharged particle, very similar to 
the proton, which accounts for roughly half 
the particles in an atomic nucleus, 

Neutron star: A cold star, supported by the 
exclusion principle repulsion between neu- 
trons, 

No boundary condition: The idea thar the. 
universe is finite but has no boundary (in 
imaginary time). 

Nuclear fusion: The process by which two 
nuclei collide and coalesce to form a single, 

vier nucleus 

Nucleus: The central part of an arom, consisting 
only of protons and neutrons, held together 
by the strong force 


Particle accelerator: A machine that, using 
eleciromagnets, can accelerate moving charged 
particles, giving them more energy. 

Phase: For a wave, the position in its cycle at a 
specified time: a measure of whether itis at a 
crest, a trough, or somewhere in between. 

Photon: A quantum of light, 

Planck's quantum principle: The idea that light 
(or any other classical waves) can be emitted 
or absorbed only in diserete quanta, whose 
energy is proportional to their wavelength. 

Positron: The (positively charged) antiparticle of 
the electron. 

Primordial black hole: A black hole cr 
the very early universe. 

Proportional: *X is proportional to Y' means 
that when Y is multiplied by any number, so is. 


ted in 


X. X is inversely proportional to Y" means 
that when Y is multiplied by any number, X is 
divided by that number. 

Proton: A positively charge particle, very similar 
to the neutron, that accounts for roughly half 
the particles in the nucleus of most atoms. 

Pulsar: A rotating neutron star that emits 
regular pulses of radio waves, 


Quantum: The indivisible unit in which waves 
may be emitted or absorbed, 

Quantum chromodynamies (QCD): The theory 
that describes the interactions of quarks and 
gluons. 

Quantum mechanics: The theory developed 
from Planck's quantum principle and 
Heisenberg's uncertainty principle, 

Quark: A (charged) elementary particle that 
feels the strong force. Protons and neutrons 
are each composed of three quarks. 


Radar: A system using pulsed radio waves to 
detect the position of objects by measuring the 
time it takes a single pulse to reach the object 
and be reflected back. 

Radioactivity: The spontaneous breakdown of 
one type of atomic nucleus into another - 

Red shift: The reddening of light from a star 
that is moving away from us, due to the 
Doppler effect, 


Singularity: 
E 


A point in space-time at which the 
ime curvature becomes infinite, 
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A theorem that shows that 
a singularity must exist under certain circum 
— in particular, that the universe must 


Singularity theorem: 


stance 


have started with a singularity. 

Space-time: The four dimensional space whose 
points are events, 

Spatial dimension: Any of the three dimensions 
that are spacelike — that is, any except the 
time dimension. 

Special relativity 
idea that the laws of science should be the 
saine for all observers, no matter how they are 
moving. 

Spectrum: The component frequencies thar 
make up a wave. The visible part of the sun's 


Einstein’s theory based on the 


spectrum can be seen in a rainbow. 

Spin: An internal property of elementary 
particles, related ro, but nor identical to, the 
everyday concept of spin, 

Stationary stare: One that is not changing with 
times a sphere spinning at a constant rate is 
stationary because it looks identical at any 
given instant, 

String theory: A theory of physics in which 
particles are described as waves on strings. 
Strings have length but no other dimension, 

Strong force: The strongest of the four 
fundamental forces, with the shortest range of 
all. It holds the quarks together within 
protons and neutrons, and holds the protons 


and neutrons together to form atoms, 


Uncertainty principle: The principle, formulated 
by Heisenberg, that one can never be exactly 
sure of both the position and the velocity of a 
particle; the more accurately one knows the 
‘one, the less accurately one can know the 


other. 


Virtual particle: In quantum mechanics, a parti 
ele that can never be directly detected, but 
Whose existence does have measurable effects, 


Wave/particle duality: The concept in quantum 
mechanics that there is no distinction between 
waves and particles; particles may sometimes 
behave like waves, and waves like particles. 

Wavelength: Fora wave, the distance between 
two adjacent troughs or two adjacent crests, 

Weak force: The second weakest of the four 
fundamental forces, with a very short range. 

tter particles, but not force 


affects all n 
carrying particles. 

Weight: The force exerted on a body by a 
gravitational field, It is proportional to, but 
not the same as, its mass 

White dwart: A stable cold star, supported by 
the exclusion principle repulsion between 


electrons. 
Wormhole: A thin tube of space-time connecting 
distant regions of the Universe. Wormholes 


might also link to parallel or baby universes 
and could provide the possibility of timetravel 
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FOREWORD 


to be such a success. It was on the London Sunday Times bestseller 
list lor over four years, which is longer than any other book has 
been, and remarkable for a book on science that was not easy going 
After that, people kept asking when | would write a sequel. I resis- 
ted because 1 didn't want to write Son of Brief History or A Slightly 
Longer History of Time, and because 1 was busy with research. But 1 
have come to realize that there is room for a different kind of book 
that might be easier to understand, A Brief History of Time was 
organized in a linear fashion, with most chapters following and log- 
ically depending on the preceding chapters, This appealed to some 
readers, but others got stuck in the early chapters and never reached 
the more exciting material later on. By contrast, the present book is 
more like a tree: Chapters 1 and 2 form a central trunk from which 
the other chapters branch off 
The branches are fairly independent of each other and can be 
tackled in any order after the central trunk. They correspond to 
areas | have worked on or thought about since the publication of A 
Brief History of Time. Thus they present a picture of some of the most 
active fields of current research. Within each chapter | have also 
tried to avoid a single linear structure. The illustrations and their 
captions provide an alternative route to the text, as in The Illustrated 
Brief History of Time, published in 1996, and the boxes, or sidebars, 
provide the opportunity to delve into certain topics in more detail 
than is possible in the main text 


| HADN'T EXPECTED MY POPULAR BOOK, A Brief History of Tine, 


In 1988, when A Brief History of Time was first published, the 
ultimate Thcory of Everything seemed to be just over the horizon 
How has the situation changed since then? Are we any closer to our. 
goal? As will be described in this book, we have advanced a long 
way since then, But it is an ongoing journey still and the end is not 
yet in sight, According to the old saying, itis better to travel hope- 
fully than to arrive. Our quest for discovery fuels our creativity in 
all fields, not just science, If we reached the end of the line, the 
human spirit would shrivel and die, But | don't think we will ever 
stand still: we shall increase in complexity, if not in depth, and shall 
always be the center of an expanding horizon of possibilities. 

1 want to share my excitement at the discoveries that are being 
made and the picture of reality that is emerging. | have concentrat- 
ed on areas I have worked on myself for a greater feeling of imme- 
diacy. The details of the work are very technical but 1 believe the 
broad ideas can be conveyed without a lot of mathematical bag- 
gage | just hope | have succeeded. 

1 have had a lot of help with this book, ! would mention in par- 
ticular Thomas Hertog and Neel Shearer, for assistance with the 
figures, captions, and boxes, Ann Harris and Kitty Ferguson, who 
edited the manuscript (or, more accurately, the computer files, 
because everything | write is electronic), Philip Dunn of the Book 
Laboratory and Moonrunner Design, who created the illustrations, 
But beyond that, | want to thank all those who have made it possi 
ble for me to lead a fairly normal life and carry on scientific 
research, Without them this book could not have been written. 


Stephen Hawking 
Cambridge, May 2, 2001 
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CHAPTER 1 


A BRIEF HISTORY OF 
RELATIVITY 


How Einstein laid the foundations of the two fundamental theories 


of the tente century. general relativity and quantum theory 


A WERT EINSTEIN, THE DISCOVERER OF THE SPECIAL AND 
general theories of relativity, was born in Ulm, Germany, in 
L X 1879, but the following year the family moved to Munich, 
where his father, Hermann, and uncle, Jakob, set up a small and not 
very successful electrical business. Albert was no child prodigy, but 
claims that he did poorly at school seem to be an exaggeration, In 
1894 his fathers business failed and the family moved to Milan, His 
parents decided he should stay behind to finish school, but he did 
not like its authoritarianism, and within months he left to join his 
family in Italy, He later completed his education in Zurich, graduat- 
ing from the prestigious Federal Polytechnical School, known as the 
ETH, in 1900. His argumentative nature and dislike of authority did 
not endear him to the professors at the ETH and none of them 
offered him the position of assistant, which was the normal route to 
an academic career, Two years later, he finally managed to get a jun- 
ior post at the Swiss patent office in Bern. It was while he held this 
job that in 1905 he wrote three papers that both established him as 
one of the worlds leading scientists and started two conceptual rev 
olutions—revolutions that changed our understanding of time, 
space, and reality itsell 
Toward the end of the nineteenth century, scientists believed 
they were close to a complete description of the universe. They imag- 
ined that space was filled by a continuous medium called the “ether” 
Light rays and radio signals were waves in this ether, just as sound is 
pressure waves in air All that was needed for a complete theory were 
careful measurements of the elastic properties of the ether. In fact, 
anticipating such measurements, the Jefferson Lab at Harvard 
University was built entirely without iron nails so as not to interfere 
with delicate magnetic measurements. However, the planners forgot 
that the reddish brown bricks of which the lab and most of Harvard 
are built contain large amounts of iron, The building is still in use 
today, although Harvard is still not sure how much weight a library 
floor without iron nails will support 


ach (a) moving toward t and 


lower on a spaceship (b) traveing in 


By the century end, discrepancies in the idea of an all-pervading 
ether began to appear. It was expected that light would travel at a 
fixed speed through the ether but that if you were traveling through 
the 


ther in the same direction as the light, its speed would appear 
lower, and if you were traveling in the opposite direction of the 
light, its speed would appear higher (Fig. 1.1) 

Yet a series of experiments failed to support this idea, The 
most careful and accurate of these experiments was carried out by 
Albert Michelson and Edward Morley at the Case School of 
Applied Science in Cleveland, Ohio, in 1887, They compared the 
speed of light in two beams at right angles to each other. As the 
Earth rotates on its axis and orbits the Sun, the apparatus moves 
through the ether with varying speed and direction (Fig. 1.2). But 
Michelson and Morley found no daily or yearly differences 
between the two beams of light, It was as if light always traveled at 
the same speed relative to where one was, no matter how fast and 
in which direction one was moving (Fig. 1.3, page 8 
Bas 


cist George Fit 


ed on the Michelson-Morley experiment, the Irish physi 
ald and the Dutch physicist Hendrik Lorentz 
suggested that bodies moving through the ether would contract and 


that clocks would slow down. This contraction and the slowing 
down of clocks would be such that people would all measure the 
same speed for light, no matter how they were moving with respect 
to the ether, (FitzGerald and Lorentz still regarded ether as a real 


substance.) However, in a paper written in June 1905, Einstein 


pointed out that if one could not detect whether or not one was 
moving through space, the notion of an ether was redundant 
Instead, he started from the postulate that the laws of science 
should appear the same to all freely moving observers. In particular, 
they should all measure the same speed for light, no matter how fast 
they were moving. The speed al light is independent of their 
motion and is the same in all directions 

This required abandoning the idea that there is a universal 
quantity called time that all clocks would measure. Instead, every. 
one would have his or her own personal time. The times of two 
people would agree if the people were at rest with respect to each 
other, but not if they were moving 

This has been confirmed by a number of experiments, including 
‘one in which two accurate clocks were flown in opposite directions 
around the world and returned showing very slightly different times 
(Fig. 1.4). This might suggest that if one wanted to live longer, one 
should keep flying to the east so that the planes speed is added to the 
earths rotation. However, the tiny fraction of a second one would 
gain would be more than canceled by eating airline meals 
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Einsteins postulate that the laws of nature should appear the 


nly relative motion 


relativity, so called because it implied that 


was important. Its beauty and simplicity convinced many thinkers 
but there remained a lot of opposition. Einstein had overthrown twc 
of the absolutes of nineteenth-century science: absolute rest, as rep. 
resented by the ether, and absolute or universal time that all clock: 
concept. Did 


would measure, Many people found this an unsettl 


it imply, they asked, that every! 


absolute moral standards) This unease continued throughout the 


1920s and 1930s. When Einstein was awarded the Nobel Prize in 


minor work also carried out in 1905. It made no mention of 


three letters a week telling me Einstein was wrong.) Ni 


scientific community, and its predictions have been verified in 


A very important consequence of relativity is the relation. 


between mass and energy. Einsteins postulate that the speed of 


2 light should appear the same to everyone implicd that nothing, 
O could be moving faster than light, What happens is that as one uses 
P net to eceler ating, ubiera parle nes specestg ie 
A mass increases, making it harder to accelerate it further, To acceler: 


ate a particle to the speed of light would be impossible because it 
would take an infinite amount of energy. Mass and energy are 
equivalent, as is summed up in Einsteins famous equation E = mc? 
Fig. 1.7). This is probably the only equation in physics to have 
IN recognition on the street. Among lts consequences was the realiza 
y ee atom fissions into two nuclei 
with slightly less total mass, this will release a tremendous amount 

see pages 14-15, Fig. 1.8) 
In 1939, as the prospect of another world war loomed, a group 
of scientists who realized these implications persuaded Einstein to 
‘overcome his pacifist scruples and add his authority to a letter to 


of energy 


President Roosevelt urging the United States to start a program of 
nuclear research. 

This led to the Manhattan Project and ultimately to the bombs 
that exploded over Hirashima and Nagasaki in 1945. Some people 
have blamed the atom bomb on Einstein because he discovered the 
relationship between mass and energy, but that is like blaming 
Newton for causing airplanes to crash because he discovered grav 
ity. Einstein himself took no part in the Manhattan Project and was 

vorrilied by the dropping of the bomb. 

After his groundbreaking papers in 1905, Einsteins scientific 
reputation was established. But it was not until 1909 that he was 
offered a position at the University of Zurich that enabled him to 
leave the Swiss patent office Two years later, he moved to the 
German University in Prague, but he came back to Zurich in 1912, 
this time to the ETH, Despite the anti-Semitism that was common in 
much of Europe, even in the universities, he was now an academic hot 
property. Offers came in from Vienna and Utrecht, hut he chose to 
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udesr binding 
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together This binding energy can 
be calculated from the Eisen 
relationship: nuclear binding 
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{ts the release of this potential 
energy that crestes the devastating 
explosive force ofa nuclear device. 
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accept a research position with the Prussian Academy of Sciences in 
Berlin because it freed him from teaching duties. He moved to Berlin 
in April 1914 and was joined shortly alter by his wife and two sons. 
The marriage had been in a bad way for some time, however, and his 
family soon returned to Zurich. Although he visited them occasion. 
ally, he and his wile were eventually divorced. Einstein later married 
his cousin Elsa, who lived in Berlin. The fact that he spent the war 
years as a bachelor, without domestic commitments, may be one rea: 


son why this period was so productive for him scientifically. 


Although the theory of relativity fit well with the laws that 
governed electricity and magnetism, it was not compatible with. 
Newton’ law of gravity, This law said that if one changed the dis. 
tribution of matter in one region of space, the change in the gravi 
{ational field would be felt instantaneously everywhere else in the 
universe. Not only would this mean one could send signals faster 
than light (something that was forbidden by relativity), in order to 
know what instantaneous meant, it also required the existence of 
absolute or universal time, which relativity had abolished in favor 
of personal time 


(rdg) compound nucleus Einsteins equation betwen 
oscfates and i unstable energy (E), mass (m), and 
Abe speed o light (c) is such 
dat a small amount of mass 
is equivalent to an enormous 
amount of energy, E=me! 


Einstein was aware of this difficulty in 1907, while he was still 
at the patent office in Bern, but it was not until he was in Prague in 
1911 that he began to think seriously about the problem. He realized 
that there is a close relationship between acceleration and a gravita- 
tional field. Someone inside a closed box, such as an elevator, could 
not tell whether the box was at rest in the Earths gravitational field 
or was being accelerated by a rocket in free space. (Of course, this 
was before the age of Star Trek, and so Einstein thought of people in 
elevators rather than spaceships.) But one cannot accelerate or fall 
{reely very far in an elevator before disaster strikes (Fig. 1.9), 


If the Earth were flat, one could equally well say that the apple 
fell on Newton's head because of gravity or because Newton and 
the surface of the Earth were accelerating upward (Fig. 1.10). This 
equivalence between acceleration and gravity didn't seem to work 


for a round Earth, however—people on the opposite sides of the 
world would have to be accelerating in opposite directions but stay 
ing at a constant distance from each other (Fig. 1.11), 

But on his return to Zurich in 1912 Einstein had the brain wave 
of realizing that the equivalence would work if the geometry of 
spacetime was curved and not flat, as had been assumed hitherto. 
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His idea was that mass and energy would warp spacetime in some 
manner yet to be determined. Objects such 


apples or planets 
would try to move in straight lines through spacetime, but their 
by a gravitational field because 


paths would appear to be ber 
spacetime is curved (Fig, 1,12. 

With the help of his frie 
ied the theory of curved spaces and surfaces that had been devel- 
oped earlier by Georg Friedrich Riemann, However, Riemann 
thought only of space being curved. It took Einstein to realize that 
it is spacetime which is curved. Einstein and Grossmann wrote a 
joint paper in 1913 in which they put forward the idea that what we 
think of as gravitational forces are just an expression of the fact that 


Marcel Grossmann, Einstein stud- 
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spacetime is curved. However, because of a mistake by Einstein 
(who was quite human and fallible), they weren't able to find the 
‘equations that related the curvature of spacetime to the mass and 
energy in it. Einstein continued to work on the problem in Berlin, 
undisturbed by domestic matters and largely unaffected by the war, 
until he finally found the right equations in November 1915, He 
had discussed his ideas with the mathematician David Hilbert dur- 
ing a visit to the University of Göttingen in the summer of 1915 
and Hilbert independently found the same equations a few days 
before Einstein. Nevertheless, as Hilbert himself admitted, the 
credit for the new theory belonged to Einstein. It was his idea to 
relate gravity to the warping of spacetime, It is a tribute to the civ 
ilized state of Germany at this period that such scientific discus- 
sions and exchanges could go on undisturbed even in wartime. It 
was a sharp contrast to the Nazi era twenty years later. 

The new theory of curved spacetime was called general rel 
ativity to distinguish it from the original theory without gravity 
which was now known as special relativity. It was confirmed in a 
spectacular fashion in 1919 when a British expedition to West 
Africa observed a slight bending of light from a star passing near 
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Light fram a star passing near tha Son is deflected b 
Jrves spacetime (a) Ths produces a sight shift n the 
seen from the Earth (b) This can be observed during ar 


the sun during an eclipse (Fig, 1-13), Here was direct evidence that 


space and time are warped, and it spurred the greatest change in our 


perception of the universe in which we live since Euclid wrote his 
Elements of Geometry around 300 B.C 

Einstein’ general theory of relativity transformed space and 
time from a passive background in which events take place to active 
participants in the dynamics of the universe, This led to a great 
problem that remains at the forefront af physics in the twenty-first 
century. The universe is full of matter, and matter warps spacetime 
in such a way that bodies fall together. Einstein found that his equa. 
tions didnt have a solution that described a static universe 
unchanging in time. Rather than give up such an everlasting uni. 
verse, which he and most other people believed in, he fudged the 
equations by adding a term called the cosmological constant, which 
warped spacetime in the apposite sense, so that bodies move apart 
The repulsive effect of the cosmological constant could balance the 
attractive effect of the matter, thus allowing a static solution for the 
universe. This was one of the great missed opportunities of theo. 
retical physics, If Einstein had stuck with his original equations, he 
could have predicted that the universe must be either expanding or 
contracting. As it was, the possibility of a time-dependent universe 
wasn't taken seriously until observations in the 1920s by the 100: 
inch telescope on Mount Wilson 

These observations revealed that the farther other galaxies are 
from us, the faster they are moving away. The universe is expand. 
ing, with the distance between any two galaxies steadily increasing 
with time (Fig, 1.14, page 22). This discovery removed the need for 


a cosmological constant in order to have a static solution for the 


universe, Einstein later called the cosmological constant the great- 


est mistake of his life. However, it now seems that it may not have 


been a mistake alter all: recent observations, described in Chapter 


3, suggest that there may indeed be a small cosmological constant 


General relativity completely changed the discussion of the ori 
nand f 


f the universe, A static univ 


ver together in the past. About fifteen billion 


id all have been on top of each other and the den: 


ity would have been very large. This state was called the "primeval 


tom" by the Catholic priest Georges Lemaitre, who was the first to 
investigate the origin of the universe that we now call the big bang. 


have taken the big bang seriously, He 
apparently thought that the 


mple model of a uniformly expanding 


would break d 


galaxies back in time, and that the small sideways velocities of the 
galaxies would cause them to miss each other. He thought the uni- 
verse might have had a previous contracting phase, with a bounce 
nto the present expansion at a fairly mode 


rate density. However, w 


now know that in order for nuclear reactions in the early universe to 


produce the amounts of light elements we observe around us, the 
density must have been at least ten tons per cubic inch and the tem 
perature ten billion degrees, Further, observations of the microwave 
background indicate that the density was probably once a trillion 
trillion trillion trillion trillion trillion (1 with 72 zeros after it) tons 
per cubic inch, We also now know that Einstein's general theory of 
relativity does not allow the universe to bounce from a contracting 
phase to the present expansion, As will be discussed in Chapter 2 
Roger Penrose and I were able to show that general relativity pre 
dicts that the universe began in the big bang. So Einstein’ theory 
does imply that time has a beginning, although he was never happy 
with the idea 

Einstein was even more reluctant to admit that general relativity 


predicted that time would come to an end for massive stars when they 


reached the end of ther life and no longer generated enough heat 10 
balance the force of their own ar 


smaller. Einstein thought that such stars would settle down to some 


y, which was trying to make them 


The 100-inch Hooker telescope at 
Mount Wilson Observatory 
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final state, but we now know that there are no final-state configura- 
tions for stars of more than twice the mass of the sun. Such stars will 
continue to shrink until they become black holes, regions of spacetime 
that are so warped that light cannot escape from them (Fig. 1.15) 

Penrose and | showed that general relativity predicted that 
time would come to an end inside a black hole, both for the star and. 
for any unfortunate astronaut who happened to fall into it But both 
the beginning and the end of time would be places where the equa- 
tions of general relativity could not be defined, Thus the theory 
could not predict what should emerge from the big bang, Some saw 
this as an indication of Gods freedom to start the universe off in any 
way God wanted, but others (including myself) felt that the begin- 
ning of the universe should be governed by the same laws that held 
at other times, We have made some progress toward this goal, as 
will be described in Chapter 3, but we don't yet have a complete 
understanding of the origin of the universe 

The reason general relativity broke down at the big bang was 
that it was not compatible with quantum theory, the other great con- 
ceptual revolution of the early twentieth century. The first step 
toward quantum theory had come in 1900, when Max Planck in 
Berlin discovered that the radiation from a body that was glowing 
red-hot was explainable if light could be emitted or absorbed only if 
it came in discrete packets, called quanta. In one of his groundbreak- 
ing papers, written in 1905 when he was at the patent office, Einstein 
showed that Planck's quantum hypothesis could explain what is called 
the photoelectric effect, the way certain metals give off electrons 
when light falls on them. This is the basis of modern light detectors 
and television cameras, and it was for this work that Einstein was 
awarded the Nobel Prize lor physics 

Einstein continued to work on the quantum idea into the 1920s, 
but he was deeply disturbed by the work of Werner Heisenberg in 
Copenhagen, Paul Dirac in Cambridge, and Erwin Schrodinger in 
Zurich, who developed a new picture of reality called quantum 
mechanics. No longer did tiny particles have a definite position and 


Albert Einstein with a puppet of 
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speed. Instead, the more accurately one determined a particle's posi 
tion, the less accurately one could determine its speed, and vice 
versa, Einstein was horrified by this random, unpredictable element 
in the basic laws and never fully accepted quantum mechanics. His 
feelings were expressed in his famous dictum "God does not play 
dice” Most other scientists, however, accepted the validity of the 


new quantum laws because of the explanations they gave for a 


whole range of previously unaccounted-for phenomena and their 


excellent agreement with observations. They are the basis of mod. 


ern developments in chemistry, molecular biology, and electronics, 
and the foundation for the technology that has transformed the 
world in the last fifty years, 


In December 1932, aware that the Nazis and Hitler were about 


to come to power, Einstein left Germany and four months later 
renounced his citizenship, spending the last twenty years of his life 
at the Institute for Advanced Study in Princeton, New Jersey. 

In Germany, the Nazis launched a campaign against “Jewish 
science” and the many German scientists who were Jews; this is part 
of the reason that Germany was not able to build an atomic bomb 
Einstein and relativity were principal targets of this campaign. 
When told of the publication of a book entitled 100 Authors Against 
Einstein, he replied: "Why one hundred? It | were wrong, one would 
have been enough.” Alter the Second World War, he urged the 
Allies to set up a world government to control the atomic bomb, In 
1948, he was offered the presidency of the new state of Israel but 
tumed it down. He once said. “Politics is for the 
moment, but an equation is for eternity.” The 
Einstein equations of general relativity are his best 
epitaph and memorial. They should last as long xp 
as the universe z 

The world has changed far more in the last 


irs than in any previous century. The 
not been new political or economic 


doctrines but the vast developments in technolo- 


gy made possible by advances in basic science — 
Who better symbolizes those advances than 
Albert Einstein: 


J HAT IS TIME? IS IT AN EVER-ROLUNG STREAM THAT 
W bears all our dreams away, as the old hymn says? Or is 

ita railroad track? Maybe it has loops and branches, so 
you can Keep going forward and yet return to an earlier station on. 
the line (Fig. 2.1). 

The nineteenth-century author Charles Lamb wrote: ‘Nothing 
puzzles me like time and space. And yet nothing troubles me less 
than time and space, because | never think of them.” Most of us 
dont worry about time and space most of the time, whatever that 
may be; but we all do wonder sometimes what time is, how it began, 
and where it is leading us 

Any sound scientific theory, whether of time or of any other. 
concept, should in my opinion be based on the most workable phi- 
losophy of science: the positivist approach put forward by Karl 
Popper and others, According to this way of thinking, a scientific 
theory is a mathematical model that describes and codifies the 
observations we make. A good theory will describe a large range of 
phenomena on the basis of a few simple postulates and will make 
definite predictions that can be tested. If the predictions agree with 
the observations, the theory survives that test, though it can never 
be proved to be correct. On the other hand, if the observations dis: 
agree with the predictions, one has to discard or modify the theo 
ry. (At least, that is what is supposed to happen. In practice, people 
alten question the accuracy of the observations and the reliability 
and moral character of those making the observations.) If one takes 
the positivist position, as I do, one cannot say what time actually is. 
All one can do is describe what has been found to be a very good 
mathematical model for time and say what predictions it makes 
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Isaac Newton gave us the first mathematical model for time 
and space in his Principia Mathematica, published in 1687. Newton 
‘occupied the Lucasian chair at Cambridge that | now hold, though 
it wasn't electrically operated in his time. In Newton's model, time 
and space were a background in which events took place but which 
weren't affected by them, Time was separate from space and was 
considered to be a single line, or railroad track, that was infinite in 
both directions (Fig. 2.2), Time itsell was considered eternal, in the 
sense that it had existed, and would exist, forever. By contrast, most 
people thought the physical universe had been created more or less 
in its present state only a few thousand years ago, This worried 
philosophers such as the German thinker Immanuel Kant. If the 
universe had indeed been created, why had there been an infinite 
wait before the creation? On the other hand, if the universe had 
existed forever, why hadn't everything that was going to happen 
already happened, meaning that history was over? In particular, 
why hadn't the universe reached thermal equilibrium, with every- 
thing at the same temperature? 
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Kant called this problem an "antinomy of pure reason," because 
it seemed to be a logical contradiction; it didn't have a resolution 
But it was a contradiction only within the context of the Newtonian 
mathematical model, in which time was an infinite line, independent 
of what was happening in the universe. However, as we saw in 
Chapter 1, in 1915 a completely new mathematical model was put 
forward by Einstein: the general theory of relativity. In the years 
since Einsteins paper, we have added a few ribbons and bows, but 


‘our model of time and space is still based on what Einstein proposed. 
This and the following chapters will describe how our ideas have 
developed in the years since Einsteins revolutionary paper. It has 
been a success story of the work of a large number of people, and 
Im proud to have made a small contribution 


General relativity combines the time dimension with the three 
dimensions of space to form what is called spacetime (see page 33, 
Fig, 2.3), The theory incorporates the effect of gravity by saying 
that the distribution of matter and energy in the universe warps and 
distorts spacetime, so that it s not flat. Objects in this spacetime try 
to move in straight lines, but because spacetime is curved, their 
paths appear bent. They move as if affected by a gravitational field. 

Asa rough analogy, not to be taken too literally, imagine a sheet 
of rubber. One can place a large ball on the sheet to represent the 
Sun, The weight of the ball will depress the sheet and cause it to be 
curved near the Sun. If one now rolls little ball bearings on the sheet, 
they wont roll straight across to the other side but instead will go. 
around the heavy weight, like planets orbiting the Sun (Fig. 2.4) 

The analogy is incomplete because in it only a two-dimension: 
al section of space (the surface of the rubber sheet) is curved, and 
time is left undisturbed, as it is in Newtonian theory. However, in 
the theory of relativity, which agrees with a large number of experi 
ments, time and space are inextricably tangled up. One cannot curve 
space without involving time as well, Thus time has a shape. By curv- 
ing space and time, general relativity changes them from being a 
passive background against which events take place to being active 
dynamic participants in what happens. In Newtonian theory, where | St Augustine, the fifl-century 
time existed independently of anything else, one could ask: What | tinker who beld that time did not 
did God do before He created the universe? As Saint Augustine said, | exist before the beginning of the 
onc should not joke about this, as did a man who said, "He was | world. 
preparing Hell for those who pry too deep.” It is a serious question | Patefon De Civitate Dei th 
that people have pondered down the ages, According to Saint poe e 
Augustine, before God made heaven and earth, He did not make [19% 
anything at all. In fact, this is very close to modern ideas, 

In general relativity, on the other hand, time and space do not 
exist independently of the universe or of each other. They are defined 
by measurements within the universe, such as the number of vibra- 
tions of a quartz crystal in a clock or the length of a ruler. It is quite 
conceivable that time defined in this way, within the universe, should 
have a minimum or maximum value—in other words, a beginning or 
an end. It would make no sense 10 ask what happened before the 
beginning or after the end, because such times would not be defined 


It was clearly important to decide whether the mathematical 
model of general relativity predicted that the universe, and time 
itself, should have a beginning or end. The general prejudice among 
theoretical physicists, including Einstein, held that time should be 
nite in both directions, Otherwise, there were awkward ques 
tions about the creation ol the universe, which seemed to be out- 
side the realm of science, Solutions of the Einstein equations were 
known in which time had a beginning or end, but these were all 
very special, with a large amount of symmetry, lt was thought that 
in a real body, collapsing under its own gravity, pressure or sideways 
velocities would prevent all the matter falling together to the same 
point, where the density would be infinite, Similarly, if one traced 
the expansion of the universe back in time, one would find that the 
matter of the universe didn't all emerge from a point of infinite den. 
sity. Such a point of infinite density was called a singularity and 
would be a beginning or an end of time 

In 1963, two Russian scientists, Evgenii Lifshitz and Isaac 
Khalatnikov, claimed to have proved that solutions of the Einstein 
equations with a singularity all had a special arrangement of matter 
and velocities. The chances that the solution representing the uni- 
verse would have this special arrangement were practically zero, 
‘Almost all solutions that could represent the universe would avoid 
having a singularity of infinite density: Before the era during which 
the universe has been expanding, there must haye been a previous 
contracting phase during which matter fell together but missed col- 


liding with itself, moving apart again in the present expanding 
phase. If this were the case, time would continue on forever, from 
the infinite past to the infinite future 

Not everyone was convinced by the arguments of Lifshitz and 
Khalatnikov. Instead, Roger Penrose and | adopted a different 
approach, based not on a detailed study of solutions but on the 
global structure of spacetime. In general relativity, spacetime is 
curved not only by massive objects in it but also by the energy in 
it. Energy is always positive, so it gives spacetime a curvature that 
bends the paths of light rays toward each other 

Now consider our past light cone (Fig. 2.5), that is, the paths 
through spacetime of the light rays from distant galaxies that reach 
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us at the present time. In a diagram with time plotted upward and 
space plotted sideways, this is a cone with its vertex, or point, at us 
As we go toward the past, down the cone from the vertex, we see 
galaxies at earlier and earlier times. Because the universe has been 
expanding and everything used to be much closer together, as we 
look back further we are looking back through regions ol higher 
matter density. We observe a faint background of microwave radia 
tion that propagates to us along our past light cone from a much 
earlier time, when the universe was much denser and hotter than it 
is now, By tuning receivers to different frequencies of microwaves, 
we can measure the spectrum (the distribution of power arranged 


by frequency) of this radiation. We find a spectrum that is charac 


teristic of radiation from a body at a temperature of 2.7 degrees 


above absolute zero. This microwaye radiation is not much good 


for defrosting frozen pizza, but th the spectrum a 


exactly with that of radiation from a body at 2,7 degrees tells us that 


the radiation must have come from regions that are opaque to 


microwaves (Fig. 2.6 


Thus we can conclude that our past light cone must pass 


I matter as one follows it back. This 


through a certain amos 


amount of matter is enough to curve spacetime, so the light rays in 


our past light cone are bent back toward each other (Fig. 2.7 
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As one goes back in time, the cross sections of our past light 
cone reach a maximum size and begin to get smaller again. Our past 
is pear-shaped (Fig. 2.8) 

As one follows our past light cone back still further, the posi 
tive energy density of matter causes the fight rays to bend toward 
each other more strongly. The cross section of the light cone will 
shrink to zero size in a finite time, This means that all the matter 
inside our past light cone is trapped in a region whose boundary 
shrinks to zero, It is therefore not very surprising that Penrose and 
1 could prove that in the mathematical model of general relativity, 
time must have a beginning in what is called the big bang. Similar 
arguments show that time would have an end, when stars or galax: 
ies collapse under their own gravity to form black holes, We had 
sidestepped Kants antinomy ol pure reason by dropping his implicit 
assumption that time had a meaning independent of the universe 
‘Our paper, proving time had a beginning, won the second prize in 
the competition sponsored by the Gravity Research Foundation in 
1968, and Roger and | shared the princely sum of $300. | don't think 
the other prize essays that year have shown much enduring value 

There were various reactions to our work. It upset many physi- 
cists, but it delighted those religious leaders who believed in an act 
of creation, for here was scientific proof, Meanwhile, Lifshitz and 
Khalatnikov were in an awkward position, They couldn't argue with. 
the mathematical theorems that we had proved, but under the 
Soviet system they couldn't admit they had been wrong and 
Western science had been right However, they saved the situation 
by finding a more general family of solutions with a singularity, 
‘which werent special in the way their previous solutions had been. 
‘This enabled them to claim singularities, and the beginning or end 
of time, as a Soviet discovery. 
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High-frequency wavelengths disturb 
the wey of the particle more, 


The shorter the wavelength used to 
observe a partie. the gr 
certainty of ts postion, 


accurately one tries to measure the postion ofa parti- 
de, the less accurately one can measure ts speed and 

More precisely he showed that the uncertainty 
in the postion of à partide times the uncertainty in 
its momentum must always be larger than Planck's 
constant, which sa quantity that s closely related to the 
energy content of one quantum of light 


HEISENBERG'S UNCERTAINTY EQUATION 


x WA] x CD = Not smatier than Plancks constant 


The uncertainty The uncertainty The mass of 
of the position of the velocity the particle 
of the particle of the particle 


Most physicists still instinctively disliked the idea of time hav. 
ing a beginning or end. They therefore pointed out that the math- p- = 
ematical model might not be expected to be a good description of 


THE MAOWELL FELD 
spacetime near a singularity. The reason is that general relativity, | 


In 1865 the British physct | 


which describes the gravitational force, is a classical theory, as | [Ne 05. ume c 
noted in Chapter 1, and does not incorporate the uncertainty of | pied al the known law ol | 
quantum theory that governs all other forces we know. This incon- | electrcty apd magnetism 


Mel theory eis on ne | 
existence of Feld" that trans 
mt actions from one place to 


sistency does not matter in most of the universe most of the time, 
because the scale on which spacetime is curved is very large and the 


scale on which quantum effects are important is very small, But near | another He recognized thatthe 
a singularity, the two scales would be comparable, and quantum | td at want saine and 
gravitational effects would be important. So what the singulari fent es NS 
gravitational effects would be important. So what the singular | DARE Canario a 
theorems of Penrose and myself really established is that our classi- Gleste and move. through 
cal region of spacetime is bounded to the past, and possibly to the | space 


Maxwell synthesis of electro 


future, by regions in which quantum gravity is important, To under. 
stand the origin and fate of the universe, we need a quantum theo- 
ry of gravity, and this will be the subject of most of this book: 

Quantum theories of systems such as atoms, with a finite number 
‚of particles, were formulated in the 1920s, by Heisenberg, Schrödinger, 
and Dirac, (Dirac was another previous holder ol my chair in 
Cambridge, but it still wasnt motorized.) However, people encountered 
difficulties when they tried to extend quantum ideas to the Maxwell 
field, which describes electricity, magnetism, and light. 


43 


^V 


length i the 
seaks ofa wae 


One can think of the Maxwell field as being made up of waves 
of different wavelengths (the distance between one wave crest and 
the next). Ina wave, the held will swing from one value to another 
like a pendulum (Fig. 2.9) 

According to quantum theory, the ground state. or lowest 
energy state, of a pendulum is not just sitting at the lowest ener. 
ay point, pointing straight down. That would have both a definite 
position and a delinite velocity, zero. This would be a violation of 
the uncertainty principle, which forbids the precise measure 
ment of both position and velocity at the same time. The uncer 
tainty in the position multiplied by the uncertainty in the 
momentum must be greater than a certain quantity. known as 
Plancks constant—a number that is too long to keep writing 
down, so we use a symbol for it: f 


m 
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So the ground state, or lowest energy state, of a pendulum 
does not have zero energy, as one might expect. Instead, even in its 
ground state a pendulum or any oscillating system must have a cer- 
tain minimum amount of what are called zero point fluctuations. 
These mean that the pendulum won't necessarily be pointing 
straight down but will also have a probability of being found at a 
small angle to the vertical (Fig, 2.10). Similarly, even in the vacuum 
or lowest energy state, the waves in the Maxwell field wont be 
exactly zero but can have small sizes. The higher the frequency 
(the number of swings per minute) of the pendulum or wave, the 
higher the energy of the ground state 

Calculations of the ground state fluctuations in the Maxwell 
and electron fields made the apparent mass and charge of the elec- 
tron infinite, which is not what observations show. However, in the 


Eazio) 
PENDULUM WITH PROBABUTY 
DISTRIBUTION 


According to the Heisenberg prince 
it is impossible for a pendulum to 
absolute point straight down, wth 
zero velocity Instead quantum theory 
predicts thil even it lowest energy 
state, the pendulum must have a min- 
imum amount of Aucnuations, 
“Thi means that the pendulus posi 
^ wil be gen by a probably distri 
bubon, In its ground state, the most 
poston & point straight dew, 
but it has also a probabilty of beng 
found at a small angle to the vertical, 
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1940s the physicists Richard Feynman, Julian Schwinger, and 


inichiro Tomonaga developed a consistent way of removing or 
"subtracting out’ these infinities and dealing only with the finite 
observed values of the mass and charge, Nevertheless, the ground 
state fluctuations still caused small effects that could be measured 
and that agreed well with experiment. Similar subtraction schemes 
for removing infinities worked for the Yang-Mills field in the theo- 
ry put forward by Chen Ning Yang and Robert Mills. Yang-Mills 
theory is an extension of Maxwell theory that describes interactions. 
in two other forces called the weak and strong nuclear forces 
However, ground state fluctuations have a much more serious effect 
in a quantum theory of gravity. Again, each wavelength would have 
a ground state energy. Since there is no limit to how short the wave- 
lengths of the Maxwell field can be, there are an infinite number of 
different wavelengths in any region of spacetime and an infinite 
amount of ground state energy. Because energy density is, like mat. 
ter, a source of gravity, this infinite energy density ought to mean 
there is enough gravitational attraction in the universe to curl 
spacetime into a single point, which obviously hasn't happened 
One might hope to solve the problem of this seeming contra 

diction between observation and theory by saving that the ground 
state fluctuations have no gravitational effect, but this would not 
work. One can detect the energy of ground state fluctuations by the 
Casimir effect. If you place a pair of metal plates parallel to each 
other and close together, the effect of the plates is to reduce slight 
ly the number of wavelengths that fit between the plates relative to 
the number outside. This means that the energy density of ground 
state fluctuations between the plates, although still infinite, is less 
than the energy density outside by a finite amount (Fig. 2.11), This 
difference in energy density gives rise to a force pulling the plates 
together, and this force has been observed experimentally. Forces 
are a source of gravity in general relativity, just as matter is, so it 
would not be consistent to ignore the gravitational effect of this 
energy difference 


Naa Wavelengths outside the (66.211) 
vy V confines of the pates THE CASIMIR EFFECT 
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The exerce of ground 


sine fuctuations has been 
confirmed experimentally 
bythe Casmir effect a sight 

f force between paralel 
metal plates 


Redieinmier oe 
of wavelengths 
thet can ft 


buene I 


plates 


The energy density of ground state ‘The energy dersty of ground 
uctuations between the plates is state Pucuatons i greater 
less than the density outside, caus- outside the plates 


ing the plates to draw together, 
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Partele with spin | 


Partile qn spin 2 


pum 


(Fo 2.12) SPiN 
AN ricas hun a propery clt ein ing io do 
what the particle looks Ike from diferent 
rections, One can ilustrate this with a pack of playing 
care Consider fst the ace of spades. This looks the 
same any if you tum it through a complete revolution, 
or 360 degrees I is therefore said to have spin I 
On the other hand the queen ef hearts has two head 
tis therefore the same under only half a resolución, 180 


Terz 


dla Particle with spin 1/2 


degrees It = sad to have spin 2 Similar, one coud 
Imagine objects with spin 3 or higher that would look 
the same under smaler fractions of a revoluten. 

The higher the spn. the smialer the fraction of a com- 
plete revolution necessary to have the part look the 
‘ame, But the remar fact e that there are parts 
that kook the same oriy if you turn them through two com- 
pete revolutons Such particles are sad to have spin 1/2. 


Particle with spin 2 


Another possible solution to the problem might be to suppose 
there was a cosmological constant such as Einstein introduced in an ORDINARY NUMBERS 
attempt to have a static model of the universe, If this constant had 
an infinite negative value, it could exactly cancel the infinite posi- AxB- BxA 
tive value of the ground state energies in free space, but this cos- 
mological constant seems very ad hoc, and it would have to be 
tuned to extraordinary accuracy, 

Fortunately, a totally new kind of symmetry was discovered in 
the 1970s that provides a natural physical mechanism to cancel the 
infinities arising from ground state fluctuations, Supersymmetry is a 
feature of our modern mathematical models that can be described in 
various ways. One way is to say that spacetime has extra dimensions 
besides the dimensions we experience. These are called Grassmann 
dimensions, because they are measured in numbers known as 
Grassmann variables rather than in ordinary real numbers. Ordinary 
numbers commute, that is, it does not matter in which order you 
multiply them: 6 times 4 is the same as 4 times 6. But Grassmann 
variables anticommute: x times y is the same as -y times x 


GRASSMANN NUMBERS 


Supersymmetry was first considered for removing infinitics in 
matter fields and Yang-Mills fields in a spacetime where both the 
ordinary number dimensions and the Grassmann dimensions were 
flat, not curved, But it was natural to extend it to ordinary numbers 
and Grassmann dimensions that were curved. This led to a number 
ol theories called supergravity, with different amounts of supersym- 
metry. One consequence of supersymmetry is that every field or 
particle should have a "superpartner" with a spin that is either 1/2 
greater than its own or 1/2 less (Fig 2.12). 


Bosons are particles wit Integer pin 
(such as 0, |; 2) of N=8 supergravity, 
Their ground state energies are postie 


(213) 


sown parties in the universe belong to one of 
so groups fermions or bosons Fernvons are par- 
tiles vath halinteger pin (uch as spin 1/2) and they 
make up erdrary matter Their ground state energies 
are negative, 
Bosons are particles with integer spin (such as 0.1.2), 
and these gve nse to forces between the fermions such 
as the gravitational force and ght Ther ground state 


SUPERPARTNERS 


Fermions wth haineger spin (such 
as spn 1/2). aking up ordinary matter 
Their ground state energes are negative: 


For example, a photon (which is a boson) has a spin of 
I ts ground state energy is postive The photons super- 
partner: the photina has a spin -of I/2.makıng it a fermi- 
on. Hence, s ground state energy is negative 

In this supergravity scheme we end up with equal 
numbers af bosons and fermione With the ground 
state energies of the bosons weighing in on the positive 
ide and the fermions weighing in an the negative sde, 
"he ground state energies cancel one another ovt eim- 


so 


discrete elements Ike p 


Y partes actualy existed as 
| bale then 


lided ther path would be 


Dose i what appears to happen wien 


Is far mare dramatic 


tum feld theory shows two. 


particles, ike an electron and its antipar 
"ice a positron, calle In doing so they 
E 

another electron-post 
appears as if they are just deflected into 


1. pac Ths stil 


Pew trajectories 
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and y colide 
ard annihilate one another they create a 
mew siring wth a diferent vibrational 
pattern Relexong energy it vides mio 


pow 


ed history im tme, then the 


resulting strings are seen as a sing 


ward sheet. 


Pont of string 


Port of interaction 
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(Fe 2.14, opposte) 


in string theory the basic objects are 
not parties which occupy a single 
pont m space, but one-dimensional 
sings These strings may have ends or 
they may join up wth themselves in 
desed loops 

Jus: ke the strings on a violin the 
strings in string theory support cer 
‘ain vibrational patterns, or resonant 
Frequencies, whose wavelengths ft 
precisely between the two ends 

But wile the diferent resonant fie 
‘quencies of a valets strings gve rise 
to ferent muscal notes the diferent 
oscilatons of a siring gie nse to dí 
ferent masses and force charges 
which are interpreted as fundamental 
particles Roughly speaking, the short: 
er the wavelength ofthe oscilation on 
the string, the greater the mass of the 
parte 
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The ground state energies of bosons, fields whose spin is a 
whole number (0, 1, 2, etc), are positive On the other hand, the 
ground state energies of fermions, fields whose spin is a half num- 
ber (1/2, 3/2 , etc.), are negative. Because there are equal numbers 
of bosons and fermions, the biggest infinities cancel in supergravi 
ty theories (see Fig 2.13, page 50) 


There remained the possibility that there might be smaller but 
still infinite quantities left over. No one had the patience needed to 
calculate whether these theories were actually completely finite, It 
was reckoned it would take a good student two hundred years, and 
how would you know he hadn't made a mistake on the second page? 
Still, up to 1985, most people believed that most supersymmetric 
supergravity theories would be free of infinities 

Then suddenly the fashion changed. People declared there 
was no reason not to expect infinities in supergravity theories, and 
this was taken to mean they were fatally flawed as theories. Instead, 
it was claimed that a theory named supersymmetric string theory 
was the only way to combine gravity with quantum theory. Strings, 
like their namesakes in everyday experience, are one-dimensional 
extended objects. They have only length, Strings in string theory 
move through a background spacetime. Ripples on the string are 
interpreted as particles (Fig. 2.14) 

Ifthe strings have Grassmann dimensions as well as their ordi 
nary number dimensions, the ripples will correspond to bosons and 
fermions, In this case, the positive and negative ground state ener 
gies will cancel so exactly that there will be no infinities even of the 
smaller sort. Superstrings, it was claimed, were the TOE, the 
‘Theory of Everything 

Historians of science in the future will find it interesting te 
chart the changing tide of opinion among theoretical physicists 
For a few years, strings reigned supreme and supergravity was dis 
missed as just an approximate theory, valid at low energy. The qual 
ification "low energy" was considered particularly damning, ever 
though in this context low energies meant particles with energies o 
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less than a billion billion times those of particles in a TNT explo- 
sion, If supergravity was only a low energy approximation, it could 
mot claim to be the fundamental theory of the universe. Instead, the 
underlying theory was supposed to be one of five possible super- 
string theories. But which of the five string theories described our 
universe) And how could string theory be formulated, beyond the 
approximation in which strings were pictured as surfaces with one 
space dimension and one time dimension moving through a flat 
background spacetime? Wouldn't the strings curve the background 
spacetime? 


ies af p are possible in 


lime. Of 
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ensional space 


We hold these truths 
to he self-evident: 
All p-branes 
are created equal 


gher val 


In the years alter 1985, it gradually became apparent that string. 
To start with, it was realized that 
strings are just one member of a wide class of objects that can be 


theory wasn't the complete pictu 


extended in more than one dimension. Paul Townsend, who, like 
me, is a member of the Department of Applied Mathematics and. 
Theoretical Physics at Cambridge, and who did much of the fun- 
damental work on these objects, gave them the name "p-branes A 
p-brane has length in p directions. Thus a p-1 brane is a string, a 
p-2 brane is a surface or membrane, and so on (Fig. 2.15). There 
seems no reason to favor the p= 1 string case over other possible val- 
ues of p. Instead, we should adopt the principle of p-brane democ- 
racy: all p-branes are created equal 

All the p-branes could be found as solutions of the equations. 
of supergravity theories in 10 or 11 dimensions. While 10 or 11 
dimensions doesn't sound much like the spacetime we experience, 
the idea was that the other 6 or 7 dimensions are curled up so small 
that we don't notice them; we are only aware of the remaining 4 
large and nearly flat dimensions. 

I must say that personally, | have been reluctant to believe in. 


estra dimensions. But as | am a positivist, the question "Do extra 
dimensions really exist?” has no meaning. All one can ask is whether 
mathematical models with extra dimensions provide a good 
description of the universe. We do not yet have any observations 
that require extra dimensions for their explanation. However, there 
isa possibility we may observe them in the Large Hadron Collider 
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(FE L16) A UNIFIED FRAMEWORK? 
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| -dimenseral supergravity 


“There is a web of relatonships; so-called duales that connect all fve stmag theories as well as 
even dimensional supergravity The duaives suggest that the dierent string theores are Just 
fierent expressions of the same underlying theory which has been named M-theorp, 
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HeteroticO Hetero 


Prorte the meine appeared 
at there were fe distin ving 
‘theories each separate and uncon- 
nected, 
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Heteratic(@ 


Mktheory unites the fve seg 
theories within a angle theoretical 
framework but many of its prop- 


ertjes have yet to be understood 


in Geneva. But what has convinced many people, including myself, 
that one should take models with extra dimensions seriously is that 
there is a web of unexpected relationships, called dualities, between 
the models. These dualities show that the models are all essentially 
equivalen; that is, they are just different aspects of the same under- 
lying theory, which has been given the name M-theory. Not to take 
this web of dualities as a sign we are on the right track would be a 
bit like believing that God put fossils into the rocks in order to mis- 
lead Darwin about the evolution of lile. 

These dualities show that the five superstring theories all 
describe the same physics and that they are also physically equiva 
lent to supergravity (Fig. 2.16). One cannot say that superstrings 
are more fundamental than supergravity, or vice versa, Rather, they 
are different expressions of the same underlying theory, cach useful 
for calculations in different kinds of situations. Because string theo: 
ries don't have any infinities, they are good for calculating what 
happens when a few high energy particles collide and scatter off 
‚each other. However, they are not of much use for describing how 
the energy of a very large number of particles curves the universe or 
forms a bound state, like a black hole. For these situations, one 
needs supergravity, which is basically Einsteins theory of curved 
spacetime with some extra kinds of matter. It is this picture that | 
shall mainly use in what follows 
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History in real time 


(60.217) 
Ore can construet à mathematical 
model in which there is an imaginary 
me direcion at right angles to ordi- 
rary real tme. The model has rules 
that determine the history in imaginary 
tme in terms of the history im real 
time, and vice versa 
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To describe how quantum theory shapes time and space, it is 
helpful co introduce the idea of imaginary time. Imaginary time 
sounds like something from science fiction, but it is a well-defined 
mathematical concept: time measured in what are called imaginary 
numbers. One can think of ordinary real numbers such as 1, 2,-3.5, 
and so on as corresponding to positions on a line stretching from 
left to right: zero in the middle, positive real numbers on the right, 
and negative real numbers on the left (Fig. 2.17). 

Imaginary numbers can then be represented as corresponding 
to positions on a vertical line, zero is again in the middle, positive 
imaginary numbers plotted upward, and negative imaginary num- 
bers plotted downward. Thus imaginary numbers can be thought of 
as a new kind of number at right angles to ordinary real numbers 
Because they are a mathematical construct, they dont need a phys 
ical realization, one cant have an imaginary number of oranges or 
an imaginary credit card bill (Fig. 2.18) 

‘One might think this means that imaginary numbers are just a 
mathematical game having nothing to do with the real world, From 
the viewpoint of positivist philosophy, however, one cannot deter- 
mine what is real, All one can do is find which mathematical mod- 
els describe the universe we live in. It turns out that a mathematical 
model involving imaginary time predicts not only effects we have 
already observed but also effects we have not been able to measure 
yet nevertheless believe in for other reasons, So what is real and 
what is imaginary? Is the distinction just in our minds? 
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Imaginary numbers are a mathemati- 
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(Fis, 220) IMAGINARY TIME 


In an imaginary spacetime that a 
Sphere. the imaginary time direction 
could represent the distance from the 
South Pole. As ane moves north the 
els of laude at constant distances 
fom the South Pote become bigger 
corresponding to the universe expand 
Ing with imagnary time. The universe 
would reach maximum sue at the 
equator and then contract agan with 
increasing imagnary time to a single 
point at the North Pole. Even though 
the universe would have zero size at 
the poles, these points would not be 
parties just as the North and 
South Poles on the Earths surface are 
perfec regular points. This suggests 
that the orign of the universe in mag 
inary ume can be a regar point in 
spacetime, 


(Fic. 221) 


Instead of degrees of laude, the 
Imagnary time direction in a space- 
"ime that is a sphere could also corre 
spond to degrees of longitude 
Because all the Ines of longitude meet 
at the North and South Poles tme i. 
Standing sil at the poles an Increase 
of imaginary time leaves ane on the 
same spot. just as going west on the 
North Pole af the Earth stil leaves 
‘one on the North Pole, 


Imaginary time as degrees of latitude 


Imaginary time as degrees of longitude 
which meet at the North and South Poles 


have a much richer range of possibilities than the railroad track of 
ordinary real time, which can only have a beginning or an end or go 
around in circles It is in this imaginary sense that time has a shape 

To see same of the possibilites, consider an imaginary time 
spacetime that is a sphere, like the surface of the Earth, Suppose that 
imaginary time was degrees of latitude (Fig, 2.20, see page 61). Then 
the history of the universe in imaginary time would begin at the 
South Pole [t would make no sense to ask, "What happened before 
the beginning?" Such times are simply not defined, any more than 
there are points south of the South Pole The South Pole isa perfectly 
regular point of the Earths surface, and the same laws hold there as at 
other points, This suggests that the beginning of the universe in 
imaginary time can be a regular point of spacetime, and that the same 
laws can hold at the beginning as in the rest of the universe: (The 
quantum origin and evolution of the universe will be discussed in the 
next chapter.) 

Another possible behavior is illustrated by taking imaginary 
time to be degrees of longitude on the Earth, All the lines of longi- 
tude meet at the North and South Poles (Fig. 2:21, see page 61) 
Thus time stands still there, in the sense that an increase of imagi- 
nary time, or of degrees of longitude, leaves one in the same spot. 
‘This is very similar to the way that ordinary time appears to stand 
still on the horizon ofa black hole. We have come to recognize that 
this standing still of real and imaginary time (either both stand still 
or neither does) means that the spacetime has a temperature, as | 
discovered for black holes. Not only does a black hole have a tem: 
perature, it also behaves as if it has a quantity called entropy. The 
entropy is a measure of the number of internal states (ways it could 
be configured on the inside) thar the black hole could have without 
looking any different to an outside observer, who can only observe 
its mass, rotation, and charge. This black hole entropy is given by 
a very simple formula | discovered in 1974. It equals the area of the 
horizon of the black hole: there is one bit of information about the 
internal state of the black hole for each fundamental unit of area of 
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THE HOLOGRAPHIC PRINCIPLE 
he realization that the surface 
area of the horizon surround: 


ing Back hole measures the black 
holes entropy has led people to 
advocate that the maximum 
entropy of any closed region of 
space can never exceed a quarter 
of the area of the oreumscribing 
surface, Since entropy ls nothing 
more than a measure of the total 
information contained in a system, 
this suggests that the information 
assocated with all phenomena in 
he three-dmensional world can 
be stored cn its iwo-dimensonal 
boundary ike a holographic image 
Ina certain sense the world wouid 
be two-dimensional 
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Even a tiny fragment of the 2:0, 
holographic plate contains 
enough information to recon 
struct the whole 3:D mage of 
the apple. 


the horizon. This shows that there is a deep connection between 
‘quantum gravity and thermodynamics, the science of heat (which 
includes the study of entropy). It also suggests that quantum gravi- 
ty may exhibit what is called holography (Fig. 2.22) 

Information about the quantum states in a region of spacetime 
may be somehow coded on the boundary of the region, which has 
two dimensions less. This is like the way that a hologram carries a 
three-dimensional image on a two-dimensional surface, If quantum 
gravity incorporates the holographic principle, it may mean that we 
can keep track of what is inside black holes. This is essential if we 
are to be able to predict the radiation that comes out of black holes, 
If we can't do that, we won't be able to predict the future as fully as 
we thought, This is discussed in Chapter 4. Holography is dis- 
cussed again in Chapter 7. It seems we may live on a 3-brane—a 
four-dimensional (three space plus one time) surface that is the 
boundary of a five-dimensional region, with the remaining dimen 
sions curled up very small, The state of the world on a brane 
encodes what is happening in the five-dimensional region. 


CHAPTER 3 


THE UNIVERSE IN A NUTSHELL 


‘The universe has multiple histories, each of which i determined by a ny mu. 


1 could be bounded in a nutshell 
and count myself a king of infinite space 


Shakespeare 
Hon Ack 2. Scene 2 


AMLET MAY HAVE MEANT THAT ALTHOUGH WE HUMAN 
H beings are very limited physically, our minds are free to 

explore the whole universe, and to go boldly where even 
Star Trek fears to tread—bad dreams permitting, 

ls the universe actually infinite or just very large? And is it 
everlasting or just long-lived? How could our finite minds compre- 
hend an infinite universe? Isnt it presumptuous of us even to make 
the attempt? Do we risk the fate of Prometheus, who in classical 
mythology stole fire from Zeus lor human beings to use, and was 
punished for his temerity by being chained to a rock where an eagle 
picked at his liver? 

Despite this cautionary tale, | believe we can and should try to 
understand the universe. We have already made remarkable progress 
in understanding the cosmos, particularly in the last few years. We 
dont yet have a complete picture, but this may not be far off 

The most abvious thing about space is that it goes on and on 
and on, This has been confirmed by modern instruments such as the 
Hubble telescope, which allows us to probe deep into space. What 
we see are billions and billions of galaxies of various shapes and 
sizes (sce page 70, Fig. 3.1). Each galaxy contains uncounted bil- 
lions of stars, many of which have planets around them. We live on 
a planet orbiting a star in an outer arm of the spiral Milky Way 


Above: Prometheus. Etruscan nase 
painting, oth century B t 


Left Hubble space telescope lens 
and mirrors being upgraded by a 
space shuttle mission. Australia can 
he seen below. 
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galaxy. The dust in the spiral arms blocks our view of the universe in 


but we have a clear line of sight in cones of 


directions on each side of the plane, and we can plot the positions 


of distant galaxies (Fig, 3.2). We find that the galaxies are distributed 


roughly uniformly th 


out space, with some local concentra 
tions and voids. The density of galaxies appears to drop off at very 
large distances, but that seems to be because they are so far away and 


faint that we can't make them out. As far as we can tell, the universe 


goes on in space forever (see page 72, F 


Although the universe seems to be much the same at each 
position in space, it is definitely changing in time, This was not 
realized until the early years of the twentieth century. Up to then, 


absurd conclusions. If stars had been radiating for an infinite tim 


they would have heated up the universe to their temperature, Even 


at night, the whole sky would be as bright as the sun, because every 
line of sight would end either on a star or on a cloud of dust that 
had been heated up until it was as hot as the stars (Fig. 3.4). 

The observation that we have all made, that the sky at night is 
dark, is very important. It implies that the universe cannot have 
existed forever in the state we see today. Something must have hap: 
pened in the past to make the stars light up a finite time ago, which 
means that the light from very distant stars has not had time to 
reach us yet, This would explain why the sky at night isn't glowing 
m every direction 
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THE DOPPLER EFFECT 


he relationship between speed and wavelength 
which is caled the Doppler effects an everyday 
experience. 
sten to a plane that paises overhead as it approaches, 
its engine sounds at a higher pich and when t passes and 
appears, sound at a lower pitch 
The higher pitch corresponds to sound waves with a 
shorter wavelength (Ihe distance between one wave 


ps 


rest and the next) and a higher frequency (the number 
‘of waves per second), 

Ths i because, as the plane moves toward you; wi 
be nearer to you when it emits the nent wave crest less- 
ering the distance between wave crests 

Similarly as the plane moves away the wavelengths 
‘ncrease and the pitch you percewe is lower: 


Edwin Hubble atthe ¢oo-inch Mount Wilson telescope im 4930, 


Hseting 


are mowng observations cf the redshift of 
ing Hubble's law 


away from usata velooty V hat pan 
is proportioralto ther distance R to vast distanci 
from the Earthso V=HxR. The sight upward bend in the 
This important obser ach ar rge detras incest 
known as Hubble's lav estabishedi the expangon is speeding Up wich 
that the unverse Is expanding, maybe cused by vacum energy 
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THE HOT WG BANG 


T general relativity were correct the un 


ature of the radiation decreased At ab 


big bang 


have been 100 billon degree: 


1 a hundredth. 


of a second after 1 temperature would 
ind the universe would 
have contained mostly photons electrons. and neutrinos 
(extremely light particles), and ther anlipsrtices, togeth 

er with some protons and neutrons For the next three 


minutes, as Ihe universe cooled to about one bilbon 
degrees protons and neutrons would have begun con- 
bining t form the nuclei of hellum hydrogen, and other 
light elements 

Hundreds of thousands af years later: when the tem 
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perature had dropped to a few thousand degrees, the 


electrons woud have owed down to the point where 


the light rudes could capture them io form atome 
Honever:the header elements of wich we are made, such 
as carton and oxygen, woud not form un bilo of years 


ter rom the bung of hel 


win the center of sars 
This picture of a dense, hat eariy stage of the universe 
was frst put forward by the scentist George Gamow In 
1948, in paper he wrote with Ralph Alpher, which 
made the remarkable prediction that radiation from this 
very hot early tage should s be around today Their 
prediction was confrmed in 1965, when the physicsts 
‘Amo Penzias and Robert Wilson observed the cosmic 
microwave background radon 


why the sky at night is dark. no star could have been shining longer 
than ten to fifteen billion years, the time since the big bang 

We are used to the idea that events are caused by earlier 
events, which in turn are caused by still earlier events. There is a 
chain of causality stretching back into the past. But suppose this 
chain has a beginning, Suppose there was a first event, What caused 
itp This was not a question that many scientists wanted to address. 
They tried to avoid it, either by claiming, like the Russians, that the 
universe didn't have a beginning or by maintaining that the origin 
of the universe did not lie within the realm of science but belonged 
to metaphysics or religion. In my opinion, this is not a position any 
true scientist should take. Ifthe laws of science are suspended at the 
beginning of the universe, might not they fail at other times also? A 
law is not a law if it only holds sometimes. We must try to understand 
the beginning of the universe on the basis of science. It may be a task beyond 
our powers, but we should atleast make the attempt 

While the theorems that Penrose and I proved showed that the 
universe must have had a beginning, they didn't give much informa- 
tion about the nature of that beginning. They indicated that the uni- 
verse began in a big hang, a point where the whole universe, and 
everything in it, was scrunched up into a single point of infinite den- 
sity. At this point, Einsteins general theory of relativity would have 
broken down, so it cannot be used to predict in what manner the 
universe began. One is left with the origin of the universe apparent 
ly being beyond the scope of science 

This was not a conclusion that scientists should be happy with. 
As Chapters 1 and 2 point out, the reason general relativity broke 
down near the big bang is that it did not incorporate the uncertainty 
principle, the random element of quantum theory that Einstein had 
objected to on the grounds that God does not play dice. However, 
all the evidence is that God is quite a gambler. One can think of the 
universe as being like a giant casino, with dice being rolled or wheels 


being spun on every occasion (Fig. 37) You might think that oper: 


ating a casino Is. a very chancy business, because vou risk losing: 


money each time dice are thrown or the wheel is spun. But over a 
large number of bets, the gains and losses average out 10 a result that 


san be predicted, even though the result of any particular bet cannot 


be predicted (Fig. 3.8). The casino operators make sure the odds aver 


ie out in their favor. That is why casino operators are so rich. The 


nly chance you have of winning against them is to stake all your 


money on a few rolls of the dice or spins of the wheel 


the same with the universe. When the universe is big, as itis 


re are a very large number of rolls of the dice, and the results 


average out to something one can predict. That is why classical laws 
work for large systems. But when the universe is very small, as it was 


near in time to the big bang. there are only a small number of rolls of 


the dice and the uncertainty principle is very important 


Because the universe keeps on rolling the dice to sce what hap 
pens next, it doesn't have just a single history, as one might have 
thought. Instead. the universe must have every possible history 


each with its own probability. There must be a history of the uni- 


verse in which Bel 


ld medal at the Olympic Games, 
though maybe the probability is low 

This idea that the universe has multiple histories may sound 
like science fiction, but itis now accepted as science fact. It was for 


d by Richard Feynman, who was both a great physicist and 
quite a character 

We are now working to combine Einsteins general theory of 
relativity and Feynman’ idea of multiple histories into a complete 
unified theory that will describe everything that happens in the 
universe This unified theory will enable us to calculate how the uni 
verse will develop it we know how the histories started. But the 
unified theory will not in itself tell us how the universe began or 


what its initial state was. For that, we need what are called bound. 


ary conditions, rules that tell us what happens on the frontiers of 
the universe, the edges of space and time 


I the frontier of the universe was just at a normal point of 


space and time, we could go past it and claim the territory beyond 


as part of the universe. On the other hand, if the boundary of the 
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Probably 
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perpetual cunesty abo, 
very roat of 


scenic success it Jed him to numerous astonishing 
ich as deciphering Mayan heraghphics 
In the years following World War I, Feymman found 
a powerful new way of thinking about quantum 
mechanics, for which he was awarded the Nobel Prize 
in 1965, He challenged the basic classical assumption 
‘that each partie has one particular history: Instead, he 
suggested that particles travel From one locaton to 


everthe 


de path between mex or 
nation This agrees with Feynman's 
multiple history (or sum-oveshistores) idea, because 
for large objects hs rule for as 

al paths but one cancel out when 
Their contributions are combined. Only one of the in: 
Ay of paths matters as far as the motion of macrascop- 
(c objects i concerned, and this trajectory « precsely 
the one emerging from Newton's classical laws 
cof motion 


gring numbers to each 


very different: In particular, the universe need have no beginning i 
end in imaginary time, Imaginary time behaves just like another direc 
tion in space. Thus, the histories of the universe in imaginary time can 


be thought of as curved surfaces, like a ball, a plane. 


but with four dimensions instead of two (see Fig. 3.9, page 
If the histories of the universe went off to infinity like a saddle 

or a plane, one would have the problem of specifying what the ® 

boundary conditions were at infinity. But one can avoid having to 


pecily boundary conditions at all if the histories of the 


no reliable reports of people falling o 


like the surface of the Earth. The 


Earth doesn't have any boundaries or edges, There are — | 
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one Would have the prob 
conditons were at inf 


$ OF THE UNIVERSE 


nity Me 


dle, 
what the boundary 


ike that of the Earth, 
one would not have to specify boundary conditions at all 


imaginary time are dosed sur 


EVOLUTION LAWS AND INITIAL CONDI 


Tee 


ithe the laws of gray wil accurately prescribe Y 


be how an intial sate 


stone's subsequent motion. 

But we cannot predict where the stone will land 
exclusively from those laws. For this, we must also know 
fs speed and direction as It left our hand ln other 
"words, we must know the inital conditions —the 
boundary conditions af the stones motion, 

Cosmology attempts to describe the evolution of the 
entire universe using these Laws of physics Hence we 
‘must ask what the initial conditions ofthe universe were- 
dà which we should apply these laws. 

The iil state may have had a profound impact on 
basic features ofthe universe perhaps even the proper 
ties of elementary particles and forces that were crucial 
fer the development of biological He. 


Ore proponis 
al that ime and spa 


conti the propos 
forming a closed surface 
without boundary just as the surface of the Earth is fite 
in size but has no boundur The na boundary proposal 
5 based on Feynman's multiple history Idea but the his- 
tory of particle in Feynman's sum is now replaced by a 
complete spacetene that represents the history of the 
entre unwerse.The no boundary condition is precisely 
the reichen on the possble histories ofthe unverse to 
those spacetimes that have no boundary in magnary 
time: in other words the boundary condition of the un) 
verse i that it has no boundary 

Cosmologsts are currently investigating whether initial 
configurations that are favored by the no boundary pro- 
posal perhaps together with weak anthropie arguments, 
are lel to evoke to a universe Ike the one we 
observe. 


^ 


If the histories of the universe in imaginary time are indeed 
closed surfaces, as Hartle and I proposed, it would have funda 
mental implications for philosophy and our picture of where we 
came from. The universe would be entirely self-contained, it 
wouldn't need anything outside to 
wind up the clockwork and set it 
going. Instead, everything in the uni 
verse would be determined by the laws 
of science and by rolls of the dice with 
in the universe. This may sound pre. 
sumptuous, but it is what | and many other 
scientists believe 

Even if the boundary condition of the universe is that it has no 
boundary, it won't have just a single history. It will have multiple 
histories, as suggested by Feynman, There will be a history in imag: 
inary time corresponding to every possible closed surface, and each 
history in imaginary time will determine a history in real ume. Thus 
we have a superabundance of possibil 
ities for the universe. What picks out 


the particular universe that we | 


from the set of all possible universes 
One point we can notice is that 
many of the possible histories of 
the universe wont go through the 
sequence of forming galaxies and stars 
that was essential to our own develop. 
ment While it may be that intelligent 


beings can evolve without galaxies and stars, this seems unlikely, The surface ofthe Earth doesn't have 
Thus, the very fact that we exist as beings who can sty boundaries or edges Reports of 

“ae the question WI Bee of re man = 
is is a restriction on the history we live in. 


is the universe the way it 


It implies it is one of the minority of 


histories that have galaxies and stars 


This is an example of what is called 
the anthropic principle. The anthropic 


principle says that the universe has to be 
more or less as we see it, because if It were 
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| parts ol erse ike th 


milion years did ne hosen with 


On the far lef of the lt 
tion are those universes. (a) 
id or themselves, 


uns 
(0) that wi 
ig forever. 


Those crtal universes 


are balanced between f 
back on themselves and con 
nung to expand Ike (el) o 


the double maion of (e2) 


might harbor inteligent ie 


Our own unverse (d) 5 poised ve double nation could 


to continue expanding fr now harbor eligen e. 


different, there wouldn't be anyone here to observe it (Fig. 3.10). 
Many scientists dislike the anthropic principle because it seems rather 
vague and does not appear to have much predictive power. But the 
anthropic principle can be given a precise formulation, and it seems 
to be essential when dealing with the origin of the universe. M-theo- 
ry, described in Chapter 2, allows a very large number of possible 


histories for the universe. Most of these histories are not suitable for 
nt life; either they are empty, last for too. 
short a time, are too highly curved, or wrong in some other way. Yet 


the development of intelli 


according to Richard Feynman's idea of multiple histories, these unin 
habited histories can have quite a high probability (see page 84) 

In fact, it doesn't really matter how many histories there may 
be that don't contain intelligent beings. We are interested only 
in the subset of histories in which intelligent life develops. 
‘This intelligent life need not be anything like humans. Little 
green aliens would do as well. In fact, they might do rather 
better, The human race does not have a very good record of 
intelligent behavior 

As an example of the power of the anthropie principle, 
consider the number of directions in space. It is a matter of 
common experience that we live in three-dimensional space. That 
is to say, we can represent the position of a point in space by three 


E 


Froma distances 


ak 


numbers, lor example, latitude, longitude, and height above sea level. 
But why is space threc-dimensional? Why isn't it two, or four, or some. 
other number of dimensions, as in science fiction? In M-theory, space 
has nine or ten dimensions, but it is thought that six or seven of the. 
directions are curled up very small, leaving three dimensions that are 
large and nearly flat (Fig. 3.11) 

Why dont we live in a history in which eight of the dimen- 
sions are curled up small, leaving only two dimensions that we 
notice? A two-dimensional animal would have a hard job digesting 
food. If it had a gut that went right through it, it would divide the 
animal in two, and the poor creature would fall apart, So two flat 
directions are not enough for anything as complicated as intelligent 
life, On the other hand, if there were four or more nearly flat direc- 
tions, the gravitational force between two bodies would increase 
more rapidly as they approached each other, This would mean that 
planets would not have stable orbits about their suns. They would 
either fall into the sun (Fig. 3.124) or escape to the outer darkness 
and cold (Fig. 3.129) 


Imaginary time history Resl sme history 


(66313) 
The emplest imaginary tne history 
without boundary is a sphere. 

Ths determines a history In real 
"ime that expands in an rilatonary. 
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Similarly, the orbits of electrons in atoms would not be stable, 
so matter as we know it would not exist. Thus, although the idea of 
multiple histories would allow any number of nearly flat directions, 
only histories with three flat directions will contain intelligent 
beings. Only in such histories will the question be asked, "Why 
does space have three dimensions?” 

The simplest history of the universe in imaginary time is a 
round sphere, like the surface of the Earth, but with two more dimen- 
sions (Fig. 3.13). It determines a history of the universe in the real time 
that we experience, in which the universe is the same at every point of 
space and is expanding in time. In these respects, it is like the universe 
we live in. But the rate of expansion is very rapid, and it keeps on get- 
ting faster: Such accelerating expansion is called inflation, because it is 
like the way prices go up and up at an ever-increasing rate. 


Feat martes eNeacy 


Inflation in prices is generally held to be a bad thing, but in 
the case of the universe, inflation is very beneficial, The large 
amount of expansion smoothes out any lumps and bumps there 
may have been in the early universe. As the universe expands, it 
borrows energy from the gravitational field to create more matter. 
The positive matter energy is exactly balanced by the negative 
gravitational energy, so the total energy i 
doubles in size, the matter and gravitational energies both double— 
so twice zero is still zero. If only the banking world were so simple 
(Fig. 3.14), 

If the history of the universe in imaginary time were a per- 
fectly round sphere, the corresponding history in real time would 


ero. When the universe 


be a universe that continued to expand in an inflationary manner 
forever. While the universe is inflating, matter could not fall 
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(P6315) THE INFLATIONARY UNIVERSE 


1 the hot big bang model, there was not enough time 

inthe eariy universe for heat ta New rom one region 
to another Nevertheless ve observe that regardless of 
whch direction we look We temperature of the 
microwave background radaton is the same. Ths 
means that Ihe ntl state of the universe must have 
had exactly the same temperature everywhere, 

"han attempt to fnd a madel in which many diferent 
intel configurations coud have evolved to something 
ike the present universe, t was suggested that the early 
irse may have been through a period of very rapid 
expansion. This expanson s sad to be mlatonany 
ring it takes place at an evernereasing rate. rather 


than the decreasing rate of expansion we observe 
today Such an inflationary phase could provide an 
explanation for the problem of why the unverse looks 
the same in every direction, because there would be 
enough time for light to travel from one region to 
another inthe early universe. 

The corresponding history in imaginary time ofa unk 
verse that continues to expand in an infatonary man- 
mer forever perfect round sphere, But in our own 
universe, the infsbonary expansion slowed down ater 
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WHOLESALE PRICE INDEX - INFLATION AND HYPERINFLATION 
luly 1914 10 
January 1919 26 One German mark in 1914 
July 1919 34 
January 1920 126 

Ten thousand marks 1923. 
January 1921 m 
July 1921 13 

Two milion marks 1923 
January 1922 36.7 
July 1922 100.6 

Ten milion marks 1923 
January 1923 2,785.0 
July 1923 194,000.0 

One miliard marks 1923 
November 1923 726,000,000,000.0 


together to form galaxies and stars, and life, let alone intelligent life (Fis, 3.14) 

like us, could not develop. Thus although histories of the universe INLATION MAY 8E A LAW or 
in imaginary time that are perfectly round spheres are allowed by — ^" 

the notion of multiple histories, they are not of much interest. 
However, histories in imaginary time that are slightly flattened at 


int in Germany rose afer the 
peace untl by February 1920 the 
‘price level vas fe mes as hah as t 
the south pole of the spheres are much more relevant (Fig, 3.15). had been in 1918 After Juy 1922 the 
In this case, the corresponding history in real time will expand phase of hypernfaten began Al con- 
fence i money varished and the 
pee ndex roe faster and faster for 
will begin to slow down, and galaxies can form, In order for intelli fesen months outpacing the pontine 
gent life to be able to develop, the flattening at the South Pole must presses, which could not produce 
be very slight. This will mean that the universe will expand initially pea 2 a was depreciating. 
by an enormous amount, The record level of monetary inflation na: top D P Una 
occurred in Germany between the world wars, when prices rose bil- companies had 2,000 presses running 
lions of times—but the amount of inflation that must have occurred day and night turning out currency. 


in the universe is at least a billion billion billion times that (Fig. 3.16). 


in an accelerated, inflationary manner at first, But then the expansion 
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Because of the uncertainty principle, there won't be just one his 
tory of the universe that contains intelligent life. Instead, the histories 
in imaginary time will be a whole family of slightly deformed 
spheres, each of which corresponds to a history in real time in which 
the universe inflates fora long time but not indefinitely, We can then 
ask which of these allowable histories is the most probable. It turns 
‘out that the most probable histories are nat completely smooth but 
have tiny ups and downs (Fig. 3.17), The ripples on the most prob- 
able histories really are minuscule. The departures from smoothness 
are of the order of one part in a hundred thousand. Nevertheless, 
although they are extremely small, we have managed to observe 
them as small variations in the microwaves that come to us from dil 
ferent directions in space. The Cosmic Background Explorer satelite 
was launched in 1989 and made a map of the sky in microwaves. 
The diferent colors indicate different temperatures, but the whole 
range from red to blue is only about a ten-thousandth of a degree. Yet 


‚een a mistake at all. As described 


(56.320) 
By combining observations from 


microwave background radation. and 
the distribution, of matter inthe un 
Verse, the vacuum energy and matter 
density in the unverse can be fal 
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was not obvious some time ago. Maybe this is another example of the 
anthropic principle. A history with a larger vacuum energy would not 
have formed galaxies, so would not contain beings who could ask the 
question: "Why is the vacuum energy the value we observer” 

We can try to determine the amounts of matter and vacuum. 
energy in the universe from various observations, We can show the 
results in a diagram in which the matter density is the horizontal. 
direction and vacuum energy is the vertical direction. The dotted 
line shows the boundary of the region in which intelligent lile could 
develop (Fig. 3.20) 


could be bounded in a nutshell 
and count myself a king 
of infinite space 


Observations of supernovae, clustering, and the microwave 
background each mark out regions in this diagram. Fortunately, all 
three regions have a common intersection. If the matter density and 
vacuum energy lie in this intersection, it means that the expansion. 
of the universe has begun to speed up again, alter a long period of 
slowing down. It seems that inflation may be a law of nature 

In this chapter we have seen how the behavior of the vast uni 
verse can be understood in terms of its history in imaginary time 
which isa tiny, slightly flattened sphere. It is like Hamlets nutshell, 
yet this nut encodes everything that happens in real time. So 
Hamlet was quite right. We could be bounded in a nutshell and still 
count ourselves kings of infinite space 


CHAPTER 4 


PREDICTING THE FUTURE 


How the loss of information in black boles may reduce our ability 


do predict the future 
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T HE HUMAN RACE HAS ALWAYS WANTED TO CONTROL THE 
future, or at least to predict what will happen. That is why 
astrology is so popular. Astrology claims that events on 
Earth are related to the motions of the planets across the sky. This 
is a scientifically testable hypothesis, or would be if astrologers 
stuck their necks out and made definite predictions that could be 
tested. However, wisely enough, they make their forecasts so vague 
that they can apply to any outcome. Statements such as "Personal 
relations may become intense’ or "You will have a financially 
rewarding opportunity” can never be proved wrong: 

But the real reason most scientists don't believe in astrology is 
not scientific evidence or the lack of it but because it is not consis- 
tent with other theories that have been tested by experiment. 
When Copernicus and Galileo discovered that the planets orbit the 
Sun rather than the Earth, and Newton discovered the laws that 
govern their motion, astrology became extremely implausible. Why 
should the positions of other planets against the background sky as 
seen from Earth have any correlations with the macromolecules on 
a minor planet that call themselves intelligent life (Fig. 4.1)? Yet this 
is what astrology would have us believe. There is no more experi- 
mental evidence for some of the theories described in this book 


(fet) 
An observer on Earth blue) orbiting 
the sun watches Mars (red) against a 
backdrop af constellations. 

The complicated apparent motion 
of the planets in the sky can be 
explained by Newioris laws and has 
pa Influence on personal fortunes 


"Murs occupies Sait this man 
nd for yow wl Be kl 
role Mars ans yon to iwe He 
according to wht feds risht as opos 
do asha the think s net And hl 
happen 

Ov he zo Satur arrives n the area 
of your salar chart red to commitment 
ond carter and you will be learning o 
take een and deal with dif 
cal relationships, 

House, at the in of the full moon 
yon el gaim a wonderful sight and 
ern of your tire Me hick wll 
transform you 
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than there is for astrology, but we believe them because they are 
consistent with theories that have survived testing. 

The success of Newton’ laws and other physical theories led to 
the idea of scientific determinism, which was first expressed at the 
beginning of the nineu 


nth century by the French scientist the 


Marquis de Laplace. Laplace suggested that if we knew the positions 
and velocities of all the particles in the universe at one time, the laws 
of physics should allow us to predict what the state of the universe 
would be at any other time in the past or in the future (Fig. 4.2) 

In other words, if scientific determinism holds, we should in 
principle be able to predict the future and wouldn't need astrology 
Of course, in practice even something as simple as Newton’ theo 
1y of gravity produces equations that we can't solve exactly for more 
than two particles. Furthermore, the equations often have a proper- 
ty known as chaos, so that a small change in position or velocity at 
one time can lead to completely different behavior at later times. As 
those who have seen Jurassic Park know, a tiny disturbance in one 
place can cause a major change in another. A butterfly flapping its 
wings in Tokyo can cause rain in New York's Central Park (Fig. 4.3) 
The trouble is the sequence of events is not repeatable, The next time 
the butterfly flaps its wings, a host of other factors will be different 
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and will also influence the weather. That is why weather forecasts 
are so unreliable 

Thus, although in principle the laws of quantum electrody- 
namics should allow us to calculate everything in chemistry and 
biology, we have not had much success in predicting human 
behavior from mathematical equations, Nevertheless, jay 


despite these practical difficulties most scientists 

aa ado 21 

in principle, the future is predictable P ti 
At first sight, determinism would also seem to be a 


threatened by the uncertainty principle, which says 
that we cannot measure accurately both the position and the 
ity ofa particle at the same time: The more accurately we measure the 
position, the less accurately we can determine the velocity, and vice 


oWM 


versa, The Laplace version of scientific determinism held that if we 
knew the positions and velocities of particles at one time, we could Y, 
determine their positions and velocities at any time in the past or = 

future, But how could we even get started if the uncertainty principle => 
prevented us from knowing accurately both the positions and the = 


velocities at one time? However good our computer is, if we put lousy 
data in, we will get lousy predictions out. 
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However, determinism was restored in a modified form in a 
nes the new theory called quantum mechanics, which incorporated the 


pie Wi = uncertainty principle. In quantum mechanics, one can, roughly 
dea ay speaking, accurately predict half of what one would expect to pre- 
sciant) nce dict in the classical Laplace point of view. In quantum mechanics, a 
particle does not have a well-defined position or velocity, but its 
state can be represented by what is called a wave function (Fig. 4.4) 

A wave function is a number at each point of space that gives 
the probability that the particle is to be found at that position, The 
rate at which the wave function changes from point to point tells 
how probable different particle velocities are. Some wave functions 
are sharply peaked at a particular point in space. In these cases, 
there is only a small amount of uncertainty in the position of the 
particle. But we can also see in the diagram that in such cases, the 
wave function changes rapidly near the point, up on one side and 
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different velocities move through spacetime on different paths 
Each observer has his or her own measure of time along the path he 
or she is following, and different observers will measure different 
intervals of time between events (Fi: 4.6). 

Thus in special relativity there is no unique absolute time that 
we can use to label events. However, the spacetime of special rela- 
tivity is flat. This means that in special relativity, the time measured. 
by any freely moving observer increases smoothly in spacetime 
from minus infinity in the infinite past to plus infinity in the infinite 
future. We can use any of these measures of time in the Schrödinger 
equation to evolve the wave function. In special relativity, there- 
fore, we still have the quantum version of determinism. 

The situation was different in the general theory of relativity, in 
which spacetime was not flat but curved, and distorted by the matter 
and energy in it. In our solar system, the curvature of spacetime is so 
slight, at least on a macroscopic scale, that it doesn't interfere with 
‘our usual idea of time. In this situation, we could still use this time in 
the Schrödinger equation to get a deterministic evolution of the wave 
function, However, ance we allow spacetime to be curved, the door 
is opened to the possibility that it may have a structure that doesn't 
admit a time that increases smoothly for every observer, as we would 
expect lor a reasonable measure of time. For example, suppose that 
spacetime was like a vertical cylinder (Fig. 4.7) 


(P647) TIME STANDS STILL 
A measure of time would necessary 
have stagnation points where the an 

de joined the main cylinder: points 
where time stood sül At these points 
"ime would not increase in any drec- 
tion Therefore, one could not use the 
Schrödnger equation to predict what 
the wave function wil be in the ture 
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Height up the cylinder would be a measure of time 
that increased for every observer and ran from minus infinity to 
plus infinity. However, imagine instead that spacetime was like a 
cylinder with a handle (or "wormhole') that branched off and 
then joined back on, Then any measure of time would necessar 
ily have stagnation points where the handle joined the main cylin 
der. points where time stood still. At these points, time would not 
increase lor any observer. In such a spacetime, we could not use the 
Schrödinger equation to get a deterministic evolution for the wave 
function, Watch out for wormholes: you never know what may come 
out of them 
Black holes are the reason we think time will not increase for 
every observer. The first discussion of black holes appeared in 1783. 
A former Cambridge don, John Michell, presented the following argu: 
ment. If one fires a particle, such as a cannonball, vertically upward, its 
ascent will be slowed by gravity, and eventually the particle will stop 
moving upward and will fall back (Fig. 4,8). However, if the initial 
upward velocity is greater than a critical value called the escape veloc 
ity, gravity will never be strong enough to stop the particle, and it will 
get away. The escape velocity is about 12 kilometers per second for 
the Earth, and about 618 kilometers per second for the Sun: 


THE SCHWARZSCHILD BLACK HOLE 


1916 the German astronomer Karl Schwarzschild 

found a solution to Einstein's theory of relativity that 
represents a spherical black hole, Schwarzschlifs work 
revealed a stunning implication of general relativity. He 
Showed that if ihe mass of a star is concentrated in a. 
mal enough region the gravtationa feld at the surface 
af the star becomes so strong that even light can no. 
Jonger escape, This is what we now call a black hole, a 
regon of spacetime bounded by a so-called event hori- 
zon, from which It ie Imposstle for anything, Inducing 
light to reach a distant observer. 

Foca long time most physicists, including Eniten, were 
skeptical whether such extreme configurations of matter 
ould actualy ever occur in the real universe. However; 


we now understand that when any suficenty heavy 
onrotating star however compleated its shape and 
internal structure; runs out of nuclear fue wi neces- 
sarily collapse to a perfectly spherical Schwarzschild black 
hole. The radius (R) cf the black hole's event horizon 
depends only on its mass; is gven by the formula: 


26M 


a 


In this formula the symbol (c) stands for the speed of 
ight. (G) for Newton's constant and (M) for the mass of 
“the back hole. A black hole withthe same mass as the 
Sün for instance, would have à radi af anly two miles! 


Both of these escape velocities are much higher than the 
speed of real cannonballs, but they are small compared to the speed 
of light, which is 300,000 kilometers per second. Thus, light can 
get away from the Earth or Sun without much difficulty. However, 
Michell argued that there could be stars that are much more mas- 
sive than the Sun and have escape velocities greater than the speed 
of light (Fig, 4.9), We would not be able to see these stars, because 
any light they sent out would be dragged back by the gravity of the. 
star. Thus they would be what Michell called dark stars and we now 
call black holes. 

Michells idea of dark stars was based on Newtonian physics, in 
which time was absolute and went on regardless of what happened. 
Thus they didnt affect our ability to predict the future in the classi 
cal Newtonian picture. But the situation was very different in the gen 
eral theory of relativity, in which massive bodies curve spacetime, 

In 1916, shortly alter the theory was first formulated, Karl 
Schwarzschild (who died soon after ol an illness contracted on the 
Russian front in the First World War) found a solution of the field 
equations of general relativity that represented a black hole. What 
Schwarzschild had found wasn't understood or its importance rec: 
ognized for many years, Einstein himself never believed in black 


holes, and his attitude was shared by most of the old guard in gen: 
eral relativity, | remember going to Paris to give a seminar on my 
discovery that quantum theory means that black holes aren't com: 
pletely black, My seminar fell rather flat because at that time almost 
mo one in Paris believed in black holes. The French also felt that the 
name as they translated it, rou noir, had dubious sexual connotations 
and should be replaced by astre occlu, or "hidden star" However, nei 
ther this nor other suggested names caught the public imagination 
like the term black bole, which was first introduced by John 
Archibald Wheeler, the American physicist who inspired much of 
the modern work in this field 

The discovery of quasars in 1963 brought forth an outburst of 
theoretical work on black holes and observational attempts to 
detect them (Fig. 4.10). Here is the picture that has emerged. 
Consider what we believe would be the history of a star with a mass 
twenty times that of the Sun. Such stars torm from clouds of gas, 
like those in the Orion Nebula (Fig. 4.11), As clouds of gas contract 
under their own gravity, the gas heats up and eventually becomes 
hot enough to start the nuclear fusion reaction that converts hydro- 
gen into helium, The heat generated by this process creates a pres. 
sure that supports the star against its own gravity and stops it from 


contracting further. A star will stay in this state for a long time, 
a) 

Stars foem in clouds of gas 

Ike the Onon Nebula, 


burning hydrogen and radiating light into space 
The gravitational field of the star will affect the paths of light 
rays coming from it. One can draw a diagram with time plotted 
upward and distance from the center of the star plotted horizontally 
(sce Fig. 4.12, page 114), In this diagram, the surface of the star is rep- 
resented by two vertical lines, one on either side of the center, One 
can choose that time be measured in seconds and distance in light 
seconds—the distance light travels in a second. When we use these 
units, the speed of light is 1, that is the speed of light is 1 light-sec 
ond per second. This means that far from the star and its gravitation: 
al field, the path of a light ray on the diagram is a line at a 45-degree 
angle to the vertical, However, nearer the star, the cuns 
time produced by the mass of the star will change the paths of the 
light rays and cause them to be at a smaller angle to the vertical 
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Massive stars will burn their hydrogen into helium much faster 
than the Sun does, This means they can run out of hydrogen in as. 
little as a few hundred million years. Alter that, such stars face a cri- 
sis. They can burn their helium into heavier elements such as car- 
bon and oxygen, but these nuclear reactions do not release much. 
energy, so the stars ose heat and the thermal pressure that supports 
them against gravity. Therefore they begin to get smaller. If they. 
are more than about twice the mass of the Sun, the pressure will 
never be sufficient to stop the contraction, They will collapse to 
zero size and infinite density to form what is called a singularity 
(Fig. 4.13) Inthe diagram of time against distance from the center, 
as a star shrinks, the paths of light rays from its surface will start out 


at smaller and smaller angles to the vertical. When the star reaches 


a certain critical radius, the path will be vertical on the diagram, 
which means that the light will hover at a constant distance from 
tting away. This critical path of light 


will sweep out a surface called the event horizon, which separates 


t emitted by the star after it 


region from which it cannot. Any ligl 
passes the event horizon will be bent back inward by the curvature 


af spacetime. The star will have become one of Michells dark stars 
or, as we say now, a black hole 
How can you detect a black hole if no light can get out 


lack hole still exerts the same gi 


The answer is that a 


biects as did the body that collapsed. If the 


Sun were a black hole and had managed to become one without los 


ing any of its mass, the planets would still orbit as they do now 


One way of searching for a black hole is therefore to look for 


matter that is orbiting what seems to be an unseen compact massive 
object, A number of such systems have been observed. Perhaps the 


most impressive are the giant black holes that occur in the centers 


lasies and quasars (Fig. 4.1 


The properties of black holes that have been discussed thus far 


dont raise any great problems with determinism, Time will come to 
an end for an astronaut who falls into a black hole and hits the sin. 
gularity, However, in general relativity, one is free to measure time at 
different rates in different places. One could therefore speed up the 
astronauts watch as he or she approached the singularity, so that it 
still registered an infinite interval of time. On the time-and-distance 


would be all crowded together at the center, below the point where 


ularity appeared, But they would agree with the usual meas 


ure of time in the nearly flat spacetime far away from the black hole 
One could use this time in the Schrodinger equation and cal 


culate the wave function at later times if one knew it initially. Thus 


times, part of the wave function is inside the black hole, where it 
can't be observed by someone outside Thus an observer who is sen: 


Schrödinger equation backward and calculate the wave function ai 


rly times, To do that, he or she would need to know the part of 


the wave function that is inside the black hole. This contains the 


The mo-hair result 


BLACK HOLE TEMPERATURE 
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information about what fell imo the hole. This is potentially a very 
large amount of information, because a black hole of a given mass 
and rate of rotation can be formed from a very large number of dif- 
ferent collections of particles; a black hole does not depend on the 
nature of the body that had collapsed to form it. John Wheeler 
called this result "a black hole has no hair." For the French, this just 
confirmed their suspicions: 

The difficulty with determinism arose when | discovered that 
black holes aren't completely black. As we saw in Chapter 2, quan- 
tum theory means that fields can't be exactly zero even in what is 


called the vacuum. If they were zero, they would have both an exact 
value or position at zero and an exact rate of change or velocity that 
was also zero. This would be a violation of the uncertainty principle, 
which says that the position and velocity can't both be well defined. 
All fields must instead have a certain amount of what are called vac- 
‘uum fluctuations (in the same way that the pendulum in Chapter 2 
had to have zero point fluctuations). Vacuum fluctuations can be 
interpreted in several ways that seem different but are in fact math- 
ematically equivalent. From a positivist viewpoint, one is free to use 
whatever picture is most useful for the problem in question. In this 
case itis helpful to think of vacuum fluctuations as pairs of virtual 
particles that appear together at some point of spacetime, move 
apart, and come back together and annihilate each other, “Virtual” 
means that these particles cannot be observed directly, but their 
indirect effects can be measured, and they agree with theoretical pre- 
dictions to a remarkable degree of accuracy (Fig. 4.16) 

If a black hole is present, one member of a pair of particles 
may fall into the black hole, leaving the other member free to 
escape to infinity (Fig. 4.17). To someone far from the black hole, 
the escaping particles appear to have been radiated by the black 
hole. The spectrum of a black hole is exactly what we would expect 
from a hot body, with a temperature proportional to the gravita- 
tional field on the horizon—the boundary—ol the black hole, In 
other words, the temperature of a black hole depends on its size. 

A black hole of a few solar masses would have a temperature of 
about a millionth of a degree above absolute zero, and a larger black 
hole would have an even lower temperature, Thus any quantum 


ation that we discussed in Chapter 2, It 


holes, but there dont seem to be many of them around, That is a 


pity. Hane were discovered, | would get a Nobe 
re have indirec 


bservational evidence for this radiation, and that 


dence comes from the early universe. As described in Chapter 3, 
is thought that very early in its history, the universe went through 


ing rate, The expansion during this period would have been sa 


that some objects would be too distant from us for their light ever 
to reach us; the universe would have expanded too much and too 
rapidly while that light was traveling toward us. Thus there would 
be a horizon in the universe like the horizon of a black hole, sepa- 
tating the region from which light can reach us and the region from 
which it cannot (Fig. 4 18). 

Very similar arguments show that there should be thermal 
radiation from this horizon, as there is from a black hole horizon. 
In thermal radiation, we have learned to expect a characteristic 
spectrum of density fluctuations. In this case, these density fluctua 
tions would have expanded with the universe. When their length 
scale became longer than the size of the event horizon, they would 
have become frozen in, so that we can observe them today as small 
variations in the temperature of the cosmic background radiation 
left over from the early universe. The observations of those varia 
tions agree with the predictions of thermal fluctuations with 
remarkable accuracy, 

Even if the observational evidence for black hole radiation is a 
bit indirect, everyone who has studied the problem agrees it must 
occur in order to be consistent with our other observationally tested 
theories. This has important implications for determinism, The radi- 
ation from a black hole will carry away energy, which must mean that 
the black hole will lose mass and get smaller. In turn, this will mean 
that its temperature will rise and the rate of radiation will increase 
Eventually the black hole will get down to zero mass, We dont know 
how to calculate what happens at this point, but the only natural, rea- 
sonable outcome would seem to be that the black hole disappears 
completely. So what happens then to the part of the wave function 
inside the black hole and the information it contains about what 
had fallen into the black hole? The first guess might be that this 
part of the wave function, and the information it carries, 
would emerge when the black hole finally disappears 
However, information cannot be carried for free, as 
one realizes when one gets a telephone bill 

Information requires energy to carry it, and GS 
theres very little energy left in the final stages of a 
black hole. The only plausible way the information 


inside could get out would he if it emerged continuously with the 
radiation, rather than waiting for this final stage. However, according 
to the picture of one member of a virtual-y 


icle pair falling in and 
the other member escaping, one would not expect the escaping par- 
ticle to be related to what fell in, or to carry away information about 
it. So the only answer would seem to be that the information in the 
part of the wave function inside the black hole gets lost (Fig, 4.19) 

Such loss of information would have important implications 
for determinism. To start with, we have noted that even if you knew 
the wave function after the black hole disappeared, you could not 
run the Schrodinger equation backward and calculate what the 
wave function was before the black hole formed. What that was 
would depend in part on the bit of the wave function that got lost 
in the black hole. We are used to thinking we can know the past 
exactly. However, if information gets lost in black holes, this is not 
the case, Anything could have happened 
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In general, however, people such as astrologers and those who 
consult them are more interested in predicting the future than in 
retrodicting the past. At first glance, it might seem that the loss of 
part of the wave function down the black hole would not prevent 
Us from predicting the wave function outside the black hole, But it 
turns out that this loss does interfere with such a prediction, as we 
can see when we consider a thought experiment proposed by 
Einstein, Boris Podolsky, and Nathan Rosen in the 1930s. 

Imagine that a radioactive atom decays and sends out two par- 
ticles in opposite directions and with opposite spins. An observer 
who looks only at one particle cannot predict whether it will be 
spinning to the right or left. But if the observer measures it to be 
spinning to the right, then he or she can predict with certainty that 
the other particle will be spinning to the left, and vice versa (Fig 
4.20), Einstein thought that this proved that quantum theory was 
ridiculous: the other particle might be at the other side of the 
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galaxy by now, yet one would instantaneously know which way it 
was spinning However, most other scientists agree that it was 
Einstein who was confused, not quantum theory, The Einstein- 
Podolsky-Rosen thought experiment does not show that one is able 
to send information faster than light. That would be the ridiculous 
part, One cannot choose that one's own particle will be measured to. 
be spinning to the night, so one cannot prescribe that the distant 
observers particle should be spinning to the left 

In fact, this thought experiment is exactly what happens with 
black hole radiation, The virtual-particle pair will have a wave func 
tion that predicts that the two members will definitely have oppo: 
site spins (Fig, 421), What we would like to do is predict the spin 
and wave function of the outgoing particle, which we could do if we 
could observe the particle that has fallen in. But that particle is now 


inside the black hole, where its spin and wave function cannot be 


measured. Because of this, it is not possible to predict the spin or the 
wave function al the particle that escapes, It can have diferent spins 
and different wave functions, with various probabilities, but it doesnt 
have a unique spin or wave function, Thus it would seem that our 
power to predict the future would be further reduced. The classical 
idea of Laplace, that one could predict both the positions and the 
velocities of particles, had to be modified when the uncertainty prin 
ure boih positions 


and velocities. However, one could still measure the wave function 


ciple showed that one could not accurately me 


and use the Schrödinger equation to predict what it should be in the 
future. This would allow one to predict with certainty one combina 
tion of position and yelocity—which is half ol what one could predict 
according to Laplaces ideas. We can predict with certainty that the 
particles have opposite spins, but if one particle falls into the black 


hole, there is no prediction we can make with certainty about the 


Black hole 
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regarded as sheets in flat spacetime, and lor that reason, time will 
flow forward smoothly, the paths ol light rays won't be bent, and 
the informati 


on in the waves wont he lost, Instead, the information 


will eventually emerge from the black hole in the radiation from the 
p-branes, Thus, according to the p-brane model, we can use the 
Schrödinger equation to calculate what the wave function will be at 
later times. Nothing will get lost, and time will rall smoothly on. 
We will have complete determinism in the quantum sense 

So which of these pictures is correct? Does part of the wave 
function get lost down black holes, or does all the information get 


out again, as the p-brane model suggests? This is one of the out 


standing questions in theoretical physics today. Many people 
believe that recent work shows that information is not lost. The 


world is safe and predictable, and nothing unexpected will happen. 


But its not clear. IF one takes Einsteins general theory of relativity 


seriously, one must allow the possibility that spacetime ties itself in 
a knot and information gets lost in the folds, When the starship 


Enterprise went through a wormhole, something unexpected hap- 


pened. | know, because | was on board, playing poker with Newton, 


Einstein, and Data. 1 had a big surprise. Just look what appeared on 


my knee 
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Whereas Stephen W. Hawking (having lost a previous bet 
on this subject by not demanding genericity) still firmly be- 
wes that naked singularities are an anathema and should 
be prohibited by the laws of classical physics, 

And whereas John Preskill and Kip Thorne (having won the 
previous bet) still regard naked singularities as quantum 
gravitational objects that might exist. unclothed by hori- 
zons, for all the Universe to see, 


Therefore Hawking offers, and Preskill/Thorne accept, a 
wager that 
When any form of classical matter or feld that is inca- 
pable of becoming singular in Hat spacetime is coupled 
to general relativity via the classical Einstein equations, 
then 
A dynamical evolution from generic initial conditions (i.., 
from an open set of initial data) can never produce a naked 
singularity (a past-incomplete null geodesic from T4). 


The loser will reward the winner with clothing to cover the 
winner's nakedness. The clothing is to be embroidered with 
a suitable, truly concessionary message. 


A. |. Y 


Stephen W. Hawking John P. Preskill & Kip S. Thome 
Pasadena, California, 5 February 1997 
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Y FRIEND AND COLLEAGUE KIP THORNE, WITH WHOM 
I have had a number of bets (left), is not ane to follow 
l the accepted line in physics just because everyone else 
does, This led him to have the courage to be the first serious scien: 


tist to discuss time travel as a practical possibility 
It is tricky to speculate openly about time travel. One risks 
either an outery at the waste of public money being spent an some 
thing so ridiculous or a demand that the research be classified for 
military purposes. Afterall, how could we protect ourselves against 
They might change history and rule 


someone with a time machine: 
the world. There are only a few of us foolhardy enough to work on 
a subject that is so politically incorrect in physics circles. We dis- 
guise the fact by using technical terms that are code for time travel 
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The basis of all modern discussions of time travel is Einsteins 


general theory of relativity. As we have seen in earlier chapters, the 
Einstein equations made space and time dynamic by describing how 


they were curved and distorted by the matter and energy in the uni 


verse. In general relativity someone's personal time as measured by 


their wristwatch would always increase, just as it did in Newtonian 
theory or the flat spacetime of special relativity. But there was now the 
possibility that spacetime could be warped so much that you could go. 
off in a spaceship and come back before you set out (Fig. 5 1) 

One way this could happen is if there were wormholes, tubes 
of spacetime mentioned in Chapter 4 that connect different regions 
of space and time. The idea is that you steer your spaceship into 
one mouth of the wormhole and come out ol the other mouth in a 


different place and at a different time (Fig. 5.2, see page 136), 


Wormholes, if they exist, would be the solution to the speed 


limit problem in space: it would take tens of thousands of years to 
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cross the galaxy in a spaceship that traveled at less than the speed 
of light, as relativity demands. But you might go through a worm- 
Role to the other side of the galaxy and be back in time for dinner. 
However, one can show that if wormholes exist, you could also use 
them to get hack before you set out So you might think that you 
‘could do something like blowing up the rocket on its launch pad to 
prevent your setting out in the first place This is a vanatıon of the 
grandfather paradox: what happens if you go back and kill your 
grandfather before your father was conceived? (see Fig. 53, page 
E 

Of course. this is a paradox only if you believe you have free 
will to do what you like when you go back in time. This book will 
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Because of the twins paradox effect, when the spaceship. 
returns, tess time has elapsed for the mouth i contains 
‘han for the mouth hat stays on earth This would mean 
hat if you step imo the Earth mouth. you could come out 
(ofthe spaceship at an earlier ime. 
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not go into a philosophical discussion of free will. Instead it will con- 
centrate on whether the laws of physics allow spacetime to be so 
Warped that a macroscopic body such as a spaceship can return to its 
own past. According to Einsteins theory, a spaceship necessarily 
travels at less than the local speed of light and follows what is called 
a timelike path through spacetime Thus one can formulate the ques 
tion in technical terms: does spacetime admit timelike curves that are 
closed!—that is, that return to their starting point again and again? | 
shall refer to such paths as "ime loops.” 

There are three levels on which we can try to answer this ques- 
tion. The first is Einsteins general theory of relativity, which assumes 
that the universe has a well-defined history without any uncertainty. 
For this classical theory we have a fairly complete picture. However, 
as we have seen, this theory cant be quite right, because we observe 
that matter is subject to uncertainty and quantum fluctuations. 

We can therefore ask the question about time travel on a second 
level, that of semiclassical theory In this, we consider matter to behave 
according to quantum theory, with uncertainty and quantum fluctua- 
tions, but spacetime to be well defined and classical. Here the picture 
is less complete, but at least we have some idea of how to proceed. 
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Finally, there is the full quantum theory of gravity, whatever 
that may be. In this theory, where not just matter but also time and 
space themselves are uncertain and fluctuate, it is not even clear 
how to pose the question of whether time travel is possible. Maybe 
the best we can do is to ask how people in regions where spacetime 
is nearly classical and free from uncertainty would interpret their 
measurements, Would they think that time travel had taken place in 
régions of strong gravity and large quantum Fluctuations? 

Ta start with the classical theory: the flat spacetime of special 
relativity (relativity without gravity) doesn't allow time travel, nor 
do the curved spacetimes that were known early on. It was there- 
fore a great shock to Einstein when in 1949 Kurt Godel, of Gödels 
theorem (sce box), discovered a spacetime that was a universe full 
of rotating matter, with time loops through every point (Fig. 5.4) 

The Gödel solution required a cosmological constant, which 
may or may not exist In mature, but other solutions were subse- 
quently found without a cosmological constant. A particularly 
Interesting case is one in which two cosmic strings move at high 
speed past each other 

Cosmic strings should not be confused with the strings of 
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came to be appreciated during. 
the twentieth century, 
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string theory, though they are not entirely unrelated. They are. 
objects with length but a tiny cross section, Their occurrence is pre- 
dicted in some theories of elementary particles. The spacetime out- 
side a single cosmic string is flat, However, it is flat spacetime with 
a wedge cut out, with the sharp end of the wedge at the string, It is 
like a cone: take a large circle of paper and cut out a segment like a 
slice of pie, a wedge with its comer at the center of the circle. Then 
discard the piece you have cut out and glue the cut edges of the 
remaining piece together so that you have a cone. This represents 
the spacetime in which the cosmic string exists (Fig. 5.5) 

Notice that because the surface of the cone is the same flat sheet 
of paper with which you started (minus the wedge), you can still call 
it flat” except at the apex. You can recognize that there is curvature 
at the apex by the fact that a circle around the apex has a smaller cir 
cumference than a circle drawn at the same distance around the cen- 
ter of the original round sheet of paper In other words, a circle 
around the apex is shorter than one would expect for a circle of that 
radius in flat space because of the missing segment (Fig. 5.6), 

Similarly, in the case of a cosmic string, the wedge that is 
removed from flat spacetime shortens circles around the string but 
does not affect time or distances along the string, This means that 
the spacetime around a single cosmic string does not contain any 
time loops, so it is nat possible to travel into the past However, if 
there is a second cosmic string that is moving relative to the first, 
its time direction will be a combination of the time and space direc- 
tions of the first. This means that the wedge that is cut out for the 
second string will shorten both distances in space and time intervals 
as seen by someone moving with the fist string (Fig. 5.7). If the 
cosmic strings are moving at nearly the speed of light relative to 
each other, the saving of time going around both strings can be so 
great that one arrives back before one set out: In other words, there 
are time loops that one can follow to travel into the past. 

The cosmic string spacetime contains matter that has positive 
energy density and is consistent with the physics we know, However, 
the warping that produces the time loops extends all the way out to 
infinity in space and back to the infinite past in time. Thus these 
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Even the most advanced ciation 
could warp spacetime only in a inte 
region The time travel horizon, the 
boundary ofthe part of spacetime in 
which itis possible to travel into one's 
past, would be formed by ght rays 
that emerge from Fite regions 
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PNITELY GENERATED TIME TRAVEL HORIZON 


Time travel horizon 


AU ight raye in 
time trave! horizon 
come from his 
compact region 


spacetimes were created with time travel in them. We have no reason 
to believe that our own universe was created in such a warped fashion, 
and we have no reliable evidence of visitors from the future, (Im dis- 
counting the conspiracy theory that UFOs are from the future and 
that the government knows and is covering it up. is record of cover: 
ups isnot that good.) I shall therefore assume that there were no time 
loops in the distant past or, more precisely, in the past of some surface 
through spacetime that I shall callS. The question then is: could some 
advanced civilization build a time machine? That is, could it modify 
the spacetime to the future of S (above the surface $ in the diagram) 
so that time loops appeared in a finite region? | say a finite region 
because no matter how advanced the civilization becomes, it could 
presumably control only a finite part of the universe, 

In science, finding the right formulation of a problem is often 
the key to solving it, and this was a good example. To define what 
was meant by a finite time machine, I went back to some early work. 
of mine. Time travel is possible in a region of spacetime in which 
there are time loops, paths that move at less than the speed of light 
but which nevertheless manage to come back to the place and time 
they started because of the warping of spacetime. Since I have 


assumed there were no 
time loops in the distant 
past, there must be what | 
all a time travel "hori. 
zon,” the boundary sepa- 
rating the region of time 
loops from the region 
without them (Fig 5.8) 

Time travel horizons 
are rather like black hole 
horizons, While a black 
hole horizon is formed by light 
rays that just miss falling into the black hole, a time travel horizon 
is formed by light rays on the verge of meeting up with themselves 
I then take as my criterion for a time machine what I call a finitely 
generated horizon—that is, a horizon that is formed by light rays 
that all emerge from a bounded region. In other words, they don't 
come in from infinity or from a singularity, but originate from a 
finite region containing time loops—the sort of region our 
advanced civilization is supposed to create 

In adopting this definition as the footprint of a time machine, 
we have the advantage of being able to use the machinery that Roger 
Penrose and I developed to study singularities and black holes. Even 
without using the Einstein equations, | can show that, in general, a 
finitely generated horizon will contain a light ray that actually meets 
up with itself that is a light ray that keeps coming back to the same 
point over and over again, Each time the light came around it would 
be more and more blue-shifted, so the images would get bluer and 
bluer. The wave crests of a pulse of light will get closer and closer 
together and the light will get around in shorter and shorter intervals 
of its time. In fact, a particle of light would have only a finite history, 
as defined by its own measure of time, even though it went around 
and around in a finite region and did not hit a curvature singularity 


The question then is could some 
advanced civilization build a me. 
machine 


uas 


fat 


et 


59. above) 


P À 


that black holes radiate 


auses negative energy to ow 


into the Black hole across the horzon 


For the slac hole vs 


requ 


One might not care if a particle of light completed its history. 
in a finite time. But | can also prove that there would be paths mov- 
ing at less than the speed of light that had only finite duration. 
These could be the histories of observers who would be trapped in 
a finite region before the horizon and would go around and around, 
faster and faster untl they reached the speed of light in a finite 
time. So if a beautiful alien in a flying saucer invites you into her 
time machine, step with core. You might fall into ane of these 
trapped repeating histories of only finite duration (Fig. 5.9) 

These results do not depend on the Einstein equations but only. 
on the way spacetime would have to warp to produce time loops in a 
finite region. However, we can now ask what kind of matter an 
advanced civilization would have to use to warp spacetime so as to 
build a finite-sized time machine. Can it have positive energy density 
everywhere, as in the cosmic string spacetime I described earlier? The 
cosmic string spacetime did not satishy my requirement that the time 
loops appear ina finite region. However, one might think that this was 
just because the cosmic strings were infinitely long. One might imag- 
ine that one could build a finite time machine using finite loops of cos 
mic string and have the energy density positive everywhere. It isa pity 
to disappoint people such as Kip, who want to return to the past, but 
it cant be done with positive energy density everywhere, | can prove 
that to build a finite time machine, you need negative energy. 

Energy density is always positive in classical theory, so time 
machines of finite size are ruled out on this level. However, the sit- 
uation is different in the semiclassical theory, in which one consid- 
ers matter to behave according to quantum theory but spacetime to 
be well defined and classical, As we have seen, the uncertainty prin- 
ciple of quantum theory means that fields are always fluctuating up 
and down even in apparently empty space, and have an energy den- 
sity that is infinite, Thus one has to subtract an infinite quantity to. 
get the finite energy density that we observe in the universe. This 
subtraction can leave the energy density negative, at least locally 
Even in flat space, one can find quantum states in which the energy 
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on of a black hole 
could only increase with time, never shrink. For the horizon of a 


This would imply that the area of the ho 


black hole to shrink in size, the energy density on the horizon must. 
be negative and warp spacetime to make light rays diverge from 
each other. This was something | first realized when | was getting 
into bed soon after the birth of my daughter. | won't say how long 
ago that was, but | now have a grandson. 

The evaporation of black holes shows that an the quantum 
level the energy d 
time in the direction that would be needed to build a time machine. 
Thus we might imagine that some very advanced civilization could 
arrange things so that the energy density is sulficiently negative to 


sity can sometimes be negative and warp space. 


lorm a time machine that could be used by macroscopic objects 
such as spaceships, However, theres an important difference 
between a black hole horizon, which is formed by light rays that 
just keep going, and the hori 
closed light rays that keep going around and around. A virtual par 


in a time machine, which contains 


ticle moving on such a closed path would bring its ground state 
energy back to the same point again and again. One would there. 
fare expect the energy density to be infinite on the horizon—the 
boundary of the time machine, the region in which one can travel 
into the past. This is borne out by explicit calculations in a few 
backgrounds that are simple enough for exact calculations. It would 
mean that a person or a space probe that tried to cross the horizon 
to get into the time machine would get wiped out by a bolt of radi- 
n (Fig, 5.12). So the future looks black for time trayel—or 
should one say blindingly white? 

The energy density of matter depends on the state it isin, so 
it is possible that an advanced civilization might be 


able to make 
the energy density finite on the boundary of the time machine by 


freezing out” or removing the virtual particles that go around and 
around in a closed loop. It is not clear, however, that such a time 
machine would be stable: the least disturbance, such as someone 
crossing the horizon to enter the time machine, might set off cir- 
culating virtual particles and trigger a bolt of lightning. This is a 
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SUM OVER PARTICLE HISTORIES 


Each history will be a curved spacetime with matter fields in it 
Since we are supposed ta sum over all possible histories, not just those 
that satisfy some equations, the sum must include spacetimes that are 
warped enough for travel into the past (Fig: 5.13), So the question is, 
why isnt time travel happening everywhere? The answer is that time 
travel is indeed taking place on a microscopic scale, but we dont 
notice it one applies the Feynman sum-over-histories idea to a par- 
ticle, one has to include histories in which the particle travels faster 
than Tight and even backward in time: In particular, there will be his- 
tories in which the particle goes around and around on a closed loop 
in time and space. It would be like the film Groundhog Day, in which 
a reporter has to live the same day over and over again (Fig. 5.14) 

One cannot observe particles with such closed-loop histories 
directly with a particle detector. However, their indirect eHfects have 
been measured in a number of experiments, One is a small shift in the 
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light given out by hydrogen atoms, caused by electrons moving in 

closed loops. Another is a small force between parallel metal plates, 

caused by the fact that there are slightly fewer closed-loop histories 

that can fit between the plates compared to the region outside— i 

another equivalent interpretation of the Casimir effect. Thus the exis- 

tence of closed-loop histories is confirmed by experiment (Fig. 5.15). | 
One might dispute whether closed-loop particle histories 

have anything to do with the warping of spacetime, because they 

occur even in fixed backgrounds such as flat space, But in recent 

years we have found that phenomena in physics often have dual 

‘equally valid descriptions, One can equally well say that a particle 

moves on a closed loop in a given fixed background, or that the par. 

ticle stays fixed and space and time fluctuate around it. I is just a 

question of whether you do the sum over particle paths first and 

then the sum over curved spacetimes, or vice versa. 
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It scems, therefore, that quantum theory allows time travel on 
a microscopic scale, However, this is not much use for science fic- 
tion purposes, such as going back and killing your grandfather: The 
question therefore is; can the probability in the sum over histories 
be peaked around spacetimes with macroscopic time loops? 

‘One can investigate this question by studying the sum over 
histories of matter fields in a series of background spacetimes that 
get closer and closer to admitting time loops. One would expect 
something dramatic to happen when time loops first appear, and 
this is borne out in a simple example that | studied with my student 
Michael Cassidy 

The background spacetimes in the series we studied were 
closely related to what is called the Einstein universe, the spacetime 
that Einstein proposed when he believed that the universe was stat- 
ic and unchanging in time, neither expanding nor contracting (see 
Chapter 1). In the Einstein universe time runs from the infinite past 
to the infinite future, The space directions, however, are finite and. 
close on themselves, like the surface of the Earth but with one more. 
dimension. One can picture this spacetime as a cylinder with the. 
long axis being the time direction and the cross section being the 
three space directions (Fig, 5.16). 

The Einstein universe does not represent the universe we live in. 
because it is not expanding. Nevertheless, it is a convenient back- 
ground to use when discussing time travel, because it is simple 
‘enough that one can do the sum over histories, Forgetting about time 
travel for the moment, consider matter in an Einstein universe that is 
rotating about some axis. If you were on the axis, you could remain 
at the same point ol space, just as you do when standing at the cen- 
ter of a childrens carousel, But if you were not on the axis, you would 
be moving through space as you rotated about the axis, The further 
you were from the axis, the faster you would be moving (Fig. 5.17). 
So if the universe were infinite in space, points sufficiently far from 
the axis would have to be rotating faster than light. However, 
because the Einstein universe is finite in the space directions, there 
is a critical rate of rotation below which no part of the universe is 
rotating faster than light 
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Now consider the sum over particle histories in a rotating — (P6547) 
In Rat space a rigid rolas wil move 
faster than the speed of ight ar fram 


Einstein universe. When the rotation is slow, there are many paths 
a particle can take using a given amount of energy. Thus the sum 
over all particle histories in this background gives a large amplitude 
This means that the probability of this background would be high 
in the sum over all curved spacetime histories—that is it is among 
the more probable histories. However, as the rate of rotation of the 
Einstein universe approaches the critical value, so that its outer 
edges are moving at a speed approaching the speed of light, there 
is only one particle path that is classically allowed on that edge, 
namely, one that is moving at the speed of light, This means that the 
sum over particle histories will be small. Thus the probability of 
these backgrounds will be low in the sum over all curved spacetime 
histories. That is, they are the least probable, 


What do rotating Einstein universes have to do with 
time travel and time loops? The answer is that they are 
mathematically equivalent to other backgrounds, 
that do admit time loops. These other back- 
grounds are universes that are expanding in 
two space directions The universes are not 
expanding in the third space direction, which 
is periodic. That is to say, if you go a certain 
distance in this direction, you get back to 
where you started. However, each time you 
do a circuit of the third space direction, your 
speed in the first or second directions is 
increased (Fig. 5.18) 


I} the boost is small, there are no time 
loops. However, consider a sequence: of 
backgrounds with increasing boosts in speed. 
BH N rain critical boost, time loops will appear. Not surprisingly, 
this critical boost corresponds to the critical rate of rotation of the 
Einstein universes: Since the sum-over-histories calculations in these 


backgrounds are mathematically equivalent, one can conclude that 


these backgrounds goes to zero as they approach 


the warping needed for time loops. In other words, the probability of 


a time machine is zero. This supports 


hronology Protection Conjecture: that the 


laws of physics conspire to prevent time travel by mac 


scopic 
objects. 
Although time loops are allowed by the sum over histories, the 


probabilities are extremely small. Based on the duality arguments I 


mentioned earlier, | estimate the probability that Kip Thorne could 


ack and kill his grandfather as less than one in ten with a tril- 


vetty small probability, but if you 
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CHAPTER 6 


Our FUTURE? STAR TREK OR NOT? 


How biological and electronic life 
will go on developing in complexity at an ever-increasing rat, 
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TT HE REASON STAR TREK IS SO POPULAR IS BECAUSE IT IS A 


sale and comforting vision of the future. Im a bit of a Star 


Trek fan myself, so | was easily persuaded to take part in 


episode in which | played poker with Newton, Einstein, and 
Commander Data. | beat them all, but unfortunately there was a red 
alert, so I never collected my winnings 

Star Trek shows a society that is far in advance of ours in science 
in technology, and in political organization, (The last might not be 
difficult.) There must have been great changes, with their accompa: 


nying tensions and upsets, in the time between now and then, but in 


wn, science, techi 


the period we are sh ‚ey, and the organization 
of society are supposed to have achieved a level of near perfection. 


I want to question this picture and ask if we will ever reach a 


final steady state in science and technology. At no time in the ten 


has the human race been 
in a state of constant knowledge and fixed technology, There have 
been a few setbacks, like the Dark Ages after the fall of the Roman 


Empire. But the worlds population, which is a measure of our tech. 
nological ability to preserve life and feed ourselves, has risen steadi 


ly, with only a few hiccups such as the Black Death (Fig. 6.1) 
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In the last two hundred years, population growth has become 
exponential; that is, the population grows by the same percentage 
each year, Currently, the rate is about 1,9 percent a year, That may 
not sound like very much, but it means that the world population 
doubles every forty years (Fig. 62) 

Other measures of technological development in recent times 
are electricity consumption and the number of scientific articles. They 
too show exponential growth, with doubling times of less than forty 
years, There is no sign that scientific and technological development 
will slow down and stop in the near future—certainly not by the time 
of Star Tick, which is supposed to be not that far in the future, But if 
the population growth and the increase in the consumption of elec- 
tricity continue at their current rates, by 2600 the worlds population 
will be standing shoulder to shoulder, and electricity use will make the 
Earth glow red-hot (see illustration opposite) 
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The S 
advanced but essentially static leve 


ar Trek vision of the future—that we achieve an 
may come true in respect of 
our knowledge of the basic laws that govern the universe. As I shall 
describe in the next chapter, there may be an ultimate theory that 


we will discover in the not-too-distant future. This ultimate theory, 
if it exists, will determine whether the Star Trek dream of warp drive 
can be realized. According to present ideas, we shall have to 
explore the galaxy in a slow and tedious manner, using spaceships 
traveling slower than light, but since we don't yet have a complete 
unified theory, we can't quite rule out warp drive (Fig, 6.3). 


On the other hand, we already know the laws that hold in all 
but the most extreme situations; the laws that govern the crew of the 
Enterprise, if not the spaceship itself, Yet it doesn't seem that we will 
ever reach a steady state in the uses we make of these laws or in the 
complexity of the systems that we can produce with them. It is with 
this complexity that the rest of this chapter will be concerned. 

By far the most complex systems that we have are our own 
bodies, Life seems to have originated in the primordial oceans that 
covered the Earth four billion years ago, How this happened we 
don't know. It may be that random collisions between atoms built 
up macromolecules that could reproduce themselves and assemble 
themselves into more complicated structures, What we do know is 
that by three and a half billion years ago, the highly complicated 
DNA molecule had emerged 

DNA is the basis for all life on Earth. It has a double helix 
structure, like a spiral staircase, which was discovered hy Francis 
Crick and James Watson in the Cavendish lab at Cambridge in 
1953. The two strands of the double helix are linked by pairs of 
bases, like the treads in a spiral staircase, There are four bases in 
DNA; adenine, guanine, thymine, and cytosine. The order in 
which they occur along the spiral staircase carries the genetic infor- 
mation that enables the DNA to assemble an organism around it 
and reproduce itself. As it makes copies ol itself, there are occa- 
sional errors in the proportion or order of the bases along the spi 
ral. In most cases, the mistakes in copying make the DNA either 
unable or less likely to reproduce itself, meaning that such genetic 
errors, or mutations, as they are called, will die out, But in a few cases, 
the error or mutation will increase the chances of the DNA surviving 
and reproducing, Such changes in the genetic code will he favored. 
This is how the information contained in the sequence of DNA grad- 
"ally evolves and increases in complexity (see Fig. 6.4, page 162) 

Because biological evolution is basically a random walk in the 
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space of all genetic possibilities, it has been very slow. The 
complexity, or number of bits of information, that is coded in. 
DNA is roughly the number of bases in the molecule, For the 
first two billion years or so, the rate of increase in complexity 
must have been of the order of one bit of information every 
hundred years, The rate of increase of DNA complexity grad 
ually rose to about one bita year over the last few million years 
But then, about six or eight thousand years ago, a major new 
development occurred. We developed written language. This 
meant that information could he passed from one generation to 
the next without having to wait for the very slow process of 
into the 


random mutations and natural selection to code 
DNA sequence, The amount of complexity increased enor 
mously. A single paperback romance could hold as much infor- 
mation as the difference in DNA between apes and humans, 
and a thirty-volume encyclopedia could describe the entire 
sequence of human DNA (Fig. 6.5). 

Even more important, the information in books can be 


Es 


updated rapidly. The current rate at which human DNA is being 
updated by biological evolution is about one bit a year. But there are 
two hundred thousand new books published each year, a new-infor- 
imation rate of over a million bits a second Of course, most of this 
information is garbage, but even if only one bit in a million is useful, 
that is still a hundred thousand times faster than biological evolution. 

This transmission of data through extemal, nonbiological means 
has led the human race to dominate the world and to have an expo: 
nentially increasing population. But now we are at the beginning of a 
new era, in which we will be able to increase the complexity of our 


internal record, the DNA, without having to wait for the slow process 
of biological evolution. There has been no significant change in human 
DNA in the last ten thousand years, but itis likely that we will be able 
to completely redesign it in the next thousand. OF course, many peo- 
ple will say that genetic engineering of humans should be banned, but 
itis doubtful we will be able to prevent it, Genetic engineering of plants 
and animals will be allowed for economic reasons, and someone is 
bound to try it on humans. Unless we have a totalitarian world order, 
someone somewhere will design improved humans 

Clearly, creating improved humans will create great social and 
political problems with respect to unimproved humans, My inten- 
tron is not to defend human genetic engineering as a desirable devel 
opment, but just to say itis likely to happen whether we want it or 
mot. This is the reason why I don't believe science fiction like Star 
Trek, where people four hundred years into the future are essentially 
the same as we are today. | think the human race, and its DNA, will 
increase its complexity quite rapidly. We should recognize that this 
is likely to happen and consider how we will deal with it 

Ina way, the human race needs to improve its mental and phys- 
ical qualities if it is to deal with the increasingly complex world 
around it and meet new challenges such as space travel, Humans also 
need to increase their complexity if biological systems are to keep 
ahead of electronic ones, At the moment, computers have the advan 
tage of speed, but they show no sign of intelligence. This is not sur- 
prising, because our present computers are less complex than the 
brain ol an earthworm, a species not noted for its intellectual powers. 

But computers obey what is known as Moore's law: their speed 


At present our computers remain 
‘usinpped in computational power 
by the brain of humble earthworm. 


and complexity double every eighteen months (Fig. 6.6). It is one 
of those exponential growths that clearly cannot continue inde 
nitely. However, it will probably continue until computers have a 
complexity similar to that of the human brain, Some people say that 
computers can never show true intelligence, whatever that may be. 
But it seems to me that if very complicated chemical molecules can 
‘operate in humans to make them intelligent, then equally compli- 
cated electronic circuits can also make computers act in an intelli 
gent way. And if they are intelligent, they can presumably design 
computers that have even greater complexity and intelligence 

Will this increase of biological and electronic complexity yo on 
forever, or is there a natural limit? On the biological side, the limit 
on human intelligence up to now has been set by the size of the 
brain that will pass through the birth canal. Having watched my 
three children being born, I know how difficult it is for the head to 
get out, But within the next hundred years, | expect we will be able 
to grow babies outside the human body, so this limitation will be 
removed. Ultimately, however, increases in the size of the human 
brain through genetic engineering will come up against the problem 
that the body's chemical messengers responsible for our mental 
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activity are relatively slow-moving. This means that further increas: 
es in the complexity of the brain will be at the expense of speed 
We can be quick-witted or very intelligent, but not both. Still, | 
think we can become a lot more intelligent than most of the people 
in Star Trek, not that that might be difficult 

Electronic circuits have the same complexity-versus-speed 
problem as the human brain. In this case, however, the signals are 
electrical, not chemical, and travel at the speed of light, which is 
much higher. Nevertheless, the sp 


of light is already a practical 
limit on the design of faster computers. One can improve the situ- 
ation by making the circuits smaller, but ultimately there will be a 


limit set by the atomic nature of matter. Still, we have some way to 


go before we meet that barrier 


Another way in which electronic circuits can increase their 


complexity while maintaining speed is to copy the 
human brain. The brain does not have a single CPU— 
central processing unit—that processes each command in 
sequence. Rather, it has millions of processors working 
together at the same time. Such massively parallel processing 
will be the future for electronic intelligence as well 


Assuming we don't destroy ourselves in the next hun. 


dred years, it is likely that we will spread out first to the 


planets in the solar system and then to the nearby stars, But it wont 


be like Star Trek or Babylon 5, with a new race of nearly human bein; 


in almost every stellar system. The human race has been in its pres 


ent form for only two million years out of the fifteen billion years or 


so since the big bang (Fig. 67] 
So even if life develops in other stellar systems, the chances of 
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THE BIOLOGICAL-ELECTRONIC INTERFACE 


Whintwe decades thousand doli. 


Wii a decade. many of us may even 
chocse to lve a viral existence on 
the Net, forming cyberfiendshps and 
estere 


Our. understanding. of- the human 
genome wil undoubtedly create great 
medal dances, but it Wil ako 
enable us ta crease the complexity 
of the human DNA structure sign 
«canti n the next ew hundred years 
human: gerete engineering may res 
piace biologcal evoluon, redesigning 
the human race and posing entre 
new ethica question. 


Space trace beyond our solar system = 
Will probably require ether genetically 
enpneered humans or unmanned 
compulercoeroled probes. 
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catching it at a recognizably human stage are very small. Any 
alien life we encounter will likely be either much more primi 
tive or much more advanced. If it is more advanced, why has- 
n't it spread through the galaxy and visited Earth If aliens had 
come here, it should have been obvious: more like the film 
Independence Day than ET. 

So how does one account for our lack of extraterrestri- 
al visitors? It could be that there is an advanced race out there 
which is aware of our existence but ts leaving us to stew in 
our own primitive juices. However, it is doubtful it would be 
so considerate to a lower Iife-farm: do most of us worry how 
many insects and earthworms we squash underfoot? A more 
reasonable explanation is that there is very low probability 
either of life developing on other planets or of thar life devel- 
oping intelligence. Because we claim to be intelligent, 
though perhaps without much ground, we tend to see intel: 
lipence as an inevitable consequence of evolution, However, 
one can question that. It is not clear that intelligence has 
much survival value. Bacteria do very well without intelli- 
gence and will survive us if our so-called intelligence causes 
us to wipe ourselves out in a nuclear war, So as we explore 
the galaxy we may find primitive life, but we are not likely to 
find beings like us 

The future of science won't be like the comforting pic 
ture painted in Star Tide a universe populated by many 
humanoid races, with an advanced but essentially static sci 
ence and technology. Instead, | think we will be on our own, 
but rapidly developing in biological and electranic complex: 
ity, Not much of this will happen in the next hundred years, 
which is all we can reliably predict. But by the end of the 
next millennium, if we get there, the difference from Star Trek 
will be fundamental 


Does inteligence: have much 
longterm survival value? 


CHAPTER 7 
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Mctheory is Ike a jigsaw. It is easy to 
identify and ft together the pieces 
around the edges but we dont have 


much idea of what happens in the 
ye we cant make the 


appeoxmati 


ether wil be smal 


OW WILL OUR JOURNEY OF DISCOVERY PROCEED IN THE 
H future? Will we succeed in our quest for a complete unified 

theory that will govern the universe and everything that it 
contains? In fact, as described in Chapter 2, we may have already 
identified the Theory of Everything (ToE) as M-theory. This theo- 
ry doesn't have a single formulation, at least as far as we know. 
Instead we have discovered a network of apparently different 
theories that all seem to be approximations to the same underly- 
ing fundamental theory in different limits, just as Newton's 
Theory of Gravity is an approximation to Einsteins General 
Theory of Relativity in the limit that the gravitational field is 
weak. M-theory is like a jigsaw: it is easiest to identify and fit 
together the pieces round the edges of the jigsaw, the limits of 
M-theory where some quantity or other is small. We now have a 
fairly good idea of these edges but there is still a gaping hole at 
the center of the M-theory jigsaw where we don't know what is 
going on (Fig. 7.1). We cant really claim to have found the 
Theory of Everything until we have filled that hole. 

What isin the center of M-theory? Will we discover dragons (or 
something equally strange) like on old maps of unexplored lands? 
Our experience in the past suggests we are likely to find unexpect- 
ed new phenomena whenever we extend the range of our observa- 
tions to smaller scales, At the begining of the twentieth century, we 
understood the workings of nature on the scales of classical physics, 
which is good from interstellar distances down to about a hun- 
dredth of a millimeter. Classical physics assumes that matter is a 


Type 
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Right: The classical ndisble atom 
Farge An atom showing electrons 
rt a rucieus of protons and 


(673) 
Top: A proton conssts of two: up 
quarks sach with a postive two-thirds. 
electrical charge, and one down 
quark having a negative ne third 
charge, Borton: A neutron consis of 
two down quarks. each with a negative 
one-third electrical charge and one up 
guart, having a postive two-thirds 
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continuous medium with properties like elasticity and viscosity, but 
evidence began to emerge that matter is not smooth but grainy: it 
is made of tiny building blocks called atoms. The word atom comes 
from Greck and means indivisible, but it was soon found that atoms 
consisted of electrons orbiting a nucleus made up of protons and 
neutrons (Fig. 7.2) 

The work on atomic physics in the first thirty years of the cen- 
tury took our understanding down ta lengths of a millionth of a mil- 
limeter. Then we discovered that protons and neutrons are made of 
even smaller particles called quarks (Fig. 7.3). 

Our recent research on nuclear and high-energy physics has taken 
us to length scales that are smaller by a further factor of a billion. le 
‘might seem that we could go on forever, discovering structures on 
smaller and smaller length scales. However, there is a limit to this series, 
as there is to the series of Russian dolls within Russian dolls (Fig. 7,4). 

Eventually, one gets down to a smallest doll, which cant be 
taken apart any more. In physics, the smallest doll is called the 
Planck length, To probe to shorter distances would require particles 
of such high energy that they would be inside black holes. We don't 
know exactly what the fundamental Planck length is in M-theory, 
but it might be as small as a millimeter divided by a hundred thou- 
sand billion billion billion. We are not about to build particle accel- 
erators that can probe to distances that small. They would have to 
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(Fc: 74) Each dol represents a theoretical understanding of nature down to a certam length 
scale, Each contains a smaler doll that corresponds fo a theory that describes nature on 
shorter scales But there ews a smallest fundamental length in physics the Planck length, a. 
scale at which nature may be described by M-theoryi 


IFall the additional dimensions were very small, it would be very 
difficult to observe them. However, there has recently been the sug: 
gestion that one or more of the extra dimensions might be compari 
tively large or even infinite. This idea has the great advantage (at least 


to a positivist like me) that it may be testable by the next generation 


of particle accelerators or by sensitive short-range measurements of 


the gravitational force Such observations could either falsify the the 


ory or experimentally confirm the presence of other dimensions. 
Large extra dimensions are an exciting new development in our 

search for the ultimate model or theory. They would imply that we 

d in a brane world, a four-dimensional surface or brane in a 

her-dimensional spacetim 

Matter and nongravitational forces like the electric force would be 


confined to the brane. Thus everything not involving gravity would 


behave as it would in four dimensions. In particular, the electric force 
between the nucleus of an atom and the electrons orbiting around it 
would fall off with distance at the right rate for atoms to be stable 
against the electrons falling into the nucleus (Fig. 77) 

This would be in accordance with the anthropie principle that 
the universe must be suitable for intelligent life: if atoms weren't sta 
ble, we wouldn't be here to observe the universe and ask why it 
appears four-dimensional 

Op the other hand, gravity in the form of curved space would 
permeate the whole bulk of the higher-dimensional spacetime. This 
would mean that gravity would behave differently from other forces 
we experience: because gravity would spread out in the extra 
dimensions, it would fall off more rapidly with distance than one 
would expect (Fig. 78) 


al off faster with ds. 
I four dimensions 


181 


(0) 


If this more rapid falloff of the gravitational force extended to. 


astronomical distances, we would have noticed its effect on the 


Sean remarked iN Chapter de the planete OI neo Sate) 
weber (Bor escape to the dark and cold of interstellar space (Fig, 7.9) 

However, this would not happen if the extra dimensions ended 

on another brane not that far away from the brane on which we 

live, Then for distances greater than the separation of the branes, 

gravity would not be able to spread out freely but would effective- 

lectric forces, and fall off at 

the right rate for planetary orbits (Fig. 7.10) 

On the other hand, for distances less than the separation of the 

branes, gravity would vary more rapidly. The very small gravita- 

tional force between heavy objects has been measured accurately in 


orbits of the planets, In fact they would be unstable, as was 


ly be confined to the brane, like the 
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Weakly interacting mass 


‘t are predicted by modern theories of 


Instead of the extra dimensions ending on a second brane, 
another possibility is that they are infinite but highly curved, like a 
saddle (Fig. 7.14). Lisa Randall and Raman Sundrum showed that 
this kind of curvature would act rather like a second brane: the grav- 
itational influence of an object on the brane would be confined to 
a small neighborhood of the brane and not spread out to infinity in 
the extra dimensions. As in the shadow brane model, the gravita- 
tional field would have the right long-distance falloff to explain 
planetary orbits and lab measurements of the gravitational force, 
but gravity would vary more rapidly at short distances 

There is however an important difference between this Randall 
Sundrum model and the shadow brane model. Bodies that move 
under the influence of gravity will produce gravitational waves, rip- 
ples of curvature that travel through spacetime at the speed of light. 


(Fe 714), 
lo the Randall Sundrum model there 
is only one brane (shown here im 
only one: dimension). The extra 
dimensions extend 10 ity but are 
curved ke a saddle: This curvature 
prevents the gravtational feld of 
matter on the brane from spreading 
farinto the exira dimensions 
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observations by Hulse and Taylor af th parame 


Like the electromagnetic waves of light, gravitational waves should 


carry energy, a prediction that has been confirmed by observations 


of the binary pulsar PSR1913+16. 
ye in a spacetime with extra dimen 


If we indeed live on a br 
witational waves generated by the motion of bodies on the 


brane would travel off into the other dimensions. If there were a 
second shadow brane, gravitational waves would be reflected back 
and trapped between the two branes. On the other hand, if there 
le brane and the extra dimensions went an forever 


was only a 
as in the Randall-Sundrum model, gravitational waves could escape 
brane world (Fig. 7.15] 


altogether and carry away energy from our 


is would scem to breach one of the fundamental principles of 
physics: the Law of Conservation of Energy. The total amount of 
energy remains the same. However, It appears to be a violation only 
because our view of what is happening is restricted to the brane. 
An angel who could see the extra dimensions would know that the 
energy was the same, just mote spread out 

The gravitational waves produced by two stars orbiting each 
other would have a wavelength which would be much longer than 
the radius of the saddle-shaped curvature in the extra dimensions. 
This would mean they would tend to be confined to a small neigh- 
borhood of the brane—like gravitational force—and would not 
spread out much into the extra dimensions or carry away much 
energy from the brane. On the other hand, gravitational waves that 
were shorter than the scale on which the extra dimensions are 
curved would escape easily from the vicinity of the brane 

The only sources of significant amounts of short gravitational 
waves are likely to be black holes. A black hole on the brane will 
extend to a black hole in the extra dimensions. If the black hole is 
small, it will be almost round; that is, it will reach about as far into 
the extra dimensions as its size on the brane. On the other hand, a 
large black hole on the brane will extend to a "black pancake," which 
ss confined to a vicinity of the brane and which is much less thick (in 
the extra dimensions) than it is wide (on the brane) (Fig. 7.16). 

As explained in Chapter 4 quantum theory means that black 
holes won't be completely black: they will emit particles and radia- 
tion of all kinds like hot bodies. The particles and radiation-like light 
would be emitted along the brane because matter and nongravita- 
tional forces like electricity would be confined to the brane. 
However, black holes also emit gravitational waves. These would not 
be confined to the brane but would travel in the extra dimension as 


well. Ir the black hole was large and pancake-like, the gravitational 
waves would stay near the brane This would mean that the black 
hole would lose energy (and therefore mass by E=me) at the rate one 
would expect for a black hole in four-dimensional spacetime The 
black hole would therefore slowly evaporate and shrink in size until 


it became smaller than the radius of curvature of the saddle-like 
extra dimensions. At this point the gravitational waves emitted by 
the black hole would begin to escape freely into the extra dimen- 
sions. To someone on the brane, the black hole—or dark star as 
Michell called it (see Chapter 4)—would appear to be emitting 
dark radiation, radiation that cannot be observed directly on the 
brane but whose existence could be inferred from the fact that the 


black hole was losing mass. 


black hole on the brane would 
extend to a paricake-shaped buick 


193 


It would mean that the final burst of radiation from an evaporat- 
ing black hole would appear less powerful than it actually was, This 
could be why we have not observed bursts of gamma rays that can 
be ascribed to dying black holes, though the other, more prosaic 
explanation would be that there aren't many black holes with mass 
low enough to evaporate in the age of the universe thus far. 

The radiation from brane-world black holes arises from quantum 
fluctuations of particles on and off a brane but branes, like every: 
thing else in the universe, will be subject to quantum fluctuations 
themselves, These can cause branes to appear and disappear sponta- 
neously. The quantum creation af a brane would be a bit like the lor: 
mation of bubbles of steam in boiling water. Liquid water consists of 
billions and billions of H 
plings between nearest neighbors, As the water is heated up, the 
molecules move faster and bounce off each other, Occasionally 


J molecules packed together with cou: 


these collisions will give molecules such high velocities that a group 
of them will break free of their bonds and form a little bubble of 
steam surrounded by water. The bubble will then grow or shrink in 
a random manner with more molecules from the liquid joining the 
steam or vice versa, Most small bubbles of steam will collapse to liq 
uid again but a few will grow to a certain critical size beyond which 
the bubbles are almost certain to continue to grow. It is these large 
expanding bubbles that one observes when water boils (Fig. 7.17) 
The behavior of brane worlds would be similar. The uncertainty 
principle would allow brane worlds to appear from nothing as bub: 
bles, with the brane forming the surface of the bubble and the inten 
or being the higher-dimensional space. Very small bubbles would 
tend to collapse again to nothing, but a bubble that grew by quantum 
fluctuations beyond a certain critical size would be likely to keep on 
growing. People (such as us) living on the brane, the 
surface of the bubble, would think the universe was =" 
expanding. It would be like painting galaxies on the 
surface of a balloon and blowing it up. The galaxies 


would move apart but no galaxy would be picked out 
as the center of expansion. Lets hope there's no one 
with a cosmic pin to deflate the bubble. 
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According to the no boundary proposal described in Chapter 3, 
the spontancous creation of a brane world would have a history in 
imaginary time which was like a nutshell: that is, it would be a four 
dimensional sphere, like the surface of the Earth but with two more 
dimensions. The important difference is that the nutshell described in 
Chapter 3 was essentially hollow: the four-dimensional sphere would- 
nit have been the boundary of anything and the other six or seven 
dimensions of spacetime that M-theory predicts would all be curled up. 
even smaller than the nutshell. On the new brane world picture, how- 
ever, the nutshell would be filled: the history in imaginary time of the 
brane on which we live would be a four-dimensional sphere that 
would be the boundary of a five-dimensional bubble with the remain- 
ing five or six dimensions curled up very small (Fig, 7.18) 

"This history of the brane in imaginary time would determine its 
history in real time, In real time the brane would expand in an accel- 
erated inflationary manner like that described in Chapter 3. A per- 
fectly smooth and round nutshell would be the most probable his- 
tory of the bubble in imaginary time. However, it would correspond. 
to a brane that expanded forever in an inflationary way in real time. 
Galaxies would not form on such a brane and so intelligent life 
would not have developed. On the other hand, imaginary time his- 
tories that are not perfectly smooth and round would have some- 
what lower probabilities but could correspond to real time behavior 
in which the brane had a phase of accelerating inflationary expan: 
sion at first but then began to slow down. During this decelerating 
expansion galaxies could have formed and intelligent life might 
have developed. Thus, according to the anthropic principle 
described in Chapter 3, it is only the slightly hairy nutshells which 
will he observed by intelligent beings asking why the origin of the 
universe wasn't perfectly smooth. 

As the brane expanded, the volume of the higher-dimensional 
space inside would increase. Eventually there would be an enor 
mous bubble surrounded by the brane on which we live. But do we 
really live on the brane? According to the idea of holography 
described in Chapter 2, information about what happens in a region 
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‘The brane word picture ofthe origin af the universe differs from that 
discussed in Chapter 
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recause the sightly fattened four-dimensional 


197 


Wi 
more fundamental 


of spacetime can be encoded on its boundary, So maybe we 


think we live in a four-dimensional world because we are 
\, shadows cast on the brane by what is happening in the inte 


bubble. However, from a positivist viewpoint, one 
cannot ask: which is reality, brane or bubble. They are both 
mathematical models that describe the observations. One is free to. 
use whichever model is most convenient, What is outside the brane 
‘There are several possibilities (Fig, 7.19) 


1. There may be nothing outside. Although a bubble of steam 
has water outside it, this is just an analogy to help us visualize the 
origin of the universe. One could imagine a mathematical model 
that was just a brane with a higher-dimensional space inside but 
absolutely nothing outside, not even empty space. One can calcu- 
late what the mathematical model predicts without reference to 
what is outside 

2. One could have a mathematical model in which the outside of a 
bubble was glued to the outside of a similar bubble, This model is actu- 
ally mathematically equivalent to the possibility discussed above that 
there is nothing outside the bubble but the difference is psychological 
people feel happier being placed in the center of spacetime rather than 
on its edge; but for a positivist, possibilities 1 and 2 are the same. 

3. The bubble might expand into a space that was not a mirror 
image of what was inside the bubble. This possibility is different 
from the two discussed above and is more like the case of boiling 
water. Other bubbles could form and expand. If they collided and 
merged with the bubble in which we lived, the results could be cat 
astrophic. It has even been suggested that the big bang itself may 
have produced by a collision between branes 

Brane warld models like this are a hot topic of research. They 
are highly speculative but they offer new kinds of behavior that can 
be tested by observation, They could explain why gravity seems to 
be so weak. Gravity might be quite strong in the fundamental the- 
ory but the spreading of the gravitational force in the extra dimen: 
sions would mean it would be weak at large distances on the brane 
on which we live 

‘A consequence of this would be that the Planck length, the 
smallest distance to which we can probe without creating a black 
hole, would be quite a lot larger than it would appear from the 
weakness of gravity on our four-dimensional brane. The smallest 
Russian doll wouldn't be so tiny after all and might be within the 
reach of particle accelerators of the future. In fact we might already 
have discovered the smallest doll, the fundamental Planck length, if 
the US. hadn't gone through a fit of feeling poor in 1994 and can 
celed the SSC (Superconducting Super Collider) even though it 
was half built. Other particle accelerators such as the LHC (Large 
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Hadron Collider) at Geneva are now being built (Fig. 7.20), With 
them and with other observations such as the cosmic microwave 
background radiation, we may be able to determine whether or not 
we live on a brane If we do, it will presumably be because the 
anthropic principle picks out brane models from the vast zoo of 
universes allowed by M-theory, We could well paraphrase Miranda 
in Shakespeares The Tempest: 


© Brane new world 
That bas such creatures iri 


That is the universe in a nutshell. 


Glossary 


Absolute time 
"The idea that there can be a universal clock 
Einsteins theory of relativity showed that 
there could be no such concept 
Absolute zero 
"The lowest possible temperature at which 
substances contain no heat energy, about 
73 degrees Centigrade or 0 on the Kelvin 
scale 
Acceleration 
A change in an objects speed or direction: 
‘Aka st velocity, 
Amplinide 
The maximum height of a wave peak or the 
maximum depth of a wave trough. 
Anthropic principle 
The idea that we see the universe the way it 


ts because if it were any different, we would. 
mt be here to see it 
Anuparticle 


Each type of matter particle has a correspon: 
ding antiparticle When a particle collides 
with ts antiparticle, they annihilate, leaving 
only energy. 

Atom 
The basic unit of ordinary matter, made up of 
a tiny nucleus (consisting of protons and neu- 
trons) surrounded by orbiting electrons, 


Bie bang 
The singularity at the beginning of the uni 
verse, about fifteen billion years ago. 

Big crunch 
The name given to one possible scenario for 
the end ol the universe, where all space and. 
matter collapse to form a singularity 
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Black hole 
A region of spacetime from which nothing, 
mot even light, can escape because gravity is 
so strong 

Blue shift 
The shortening of the wavelength of radia- 
tion emitted by an object that is moving 
toward an observer, caused by the Doppler 
effect, 

Boson 
A particle or pattern of string vibration 
whose spin isa whole number, 

Boundary conditions 
The initial state of a physical system or, more 
generally, the state of the system at a bound. 
ary in time or space 

Brane 
An object, which appears to be a fundamental 
ingredient of M-theory, that can have a vari- 
ety of spatial dimensions. In general, a p- 
brane has length in p directions, a 1-brane is 
a string, a 2-brane is a surface or a membrane, 
ES 

Brane world 
A four-dimensional surface or brane in a 
higher dimensional spacetime, 


Casimir effect 


The attractive pressure between two flat, par- 
allel metal plates placed very near to each 
other in a vacuum. The pressure is due to a 
reduction in the usual number of virtual parti- 
les in the space between the plates 

Chronology protection conjecture. 
The idea that the laws of physics conspire to. 
prevent time travel by macroscopic objects. 


Classical theory 
A theory based on concepts established before 
relativity and quantum mechanics, Ir assumes 
that objects have well-defined positions and 
velocities, This is not true on very small scales, 
as the Heisenberg uncertainty principle shows. 

Closed string 
A type of string in the shape of a loop 

Conservation of energy 
The lav of science that states that energy (or 
its equivalent in mass) can neither be created 
or destroyed. 

Cosmic string 
A long, heavy object with a tiny cross section 
that may have been produced during the early 
stages of the universe. By now a single string 
could stretch across the entire universe 

‘Cosmological constant 
A mathematical device used by Einstein to 
give the universe a built-in tendency to 
expand, allowing general relativity to predict 

Cosmology. 

The study of the universe as a whole: 

Curled-up dimension. 

A spatial dimension that is curved up so small 
that it can escape detection 


Dark matter 
Matter in galaxies and clusters, and possibly 
between clusters that cannot be observed 
directly but that can be detected by its gravi- 
tational field. As much as ninety percent of 
the matter in the universe is dark matter. 


DNA 
Deoxyribonucleic acid, comprised of phos- 
phate, a sugar, and four bases: adenine, gua- 
nine, thymine, and eytosine Two strands of 
DNA form a double helix structure that 
resembles a spiral staircase, DNA encodes all 
the information cells require to reproduce. 
and plays a vital part in heredity. 

Doppler effect 
The shift of frequency and wavelength of 
sound waves or light waves that an observer 
perceives if the source is moving relative to 
that observer 

Duality 
A correspondence between apparently different 
theories that lead to the same physical results 


Eneciri charge 
A property of a particle by which it may 
repel (or attract) other particles that have a 
charge of similar (ar opposite) sign 
Electromagnetic force. 
The force that arises between particles with. 
electric charge of a similar (or opposite) sign 
Electromagnetic wave. 
A wavelike disturbance in an electric field. All 
waves of the electromagnetic spectrum travel 
at the speed of light, eg, visible light, x-rays, 
microwaves, infrared, etc 
Electron 
A particle with negative charge that orbits 
the nucleus of an atom 
Elementary particle 
A particle that itis believed cannot be subdivided. 
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Entropy 
A measure of the disorder of a physical sys- 
tem; the number ol different microscopic 
configurations of a system that leave its 
macroscopic appearance unchanged 

Ether 
A hypothetical nonmaterial medium once sup 
posed to fill all space: The idea that such a 
medium is required for the propagation of 
clecisomagneti radiation is no longer tenable 

Event 
A point in spacetime specified by its place 
and time: 

Event hor 
‘The edge of a black hole, the boundary of 
the region from which It is nor possible to 
escape to infinity. 

Exclusion principle 
The idea that two identical spin -/ particles 
cannot have (within the limits of the uncer 
tainty principle) both the same position and 
the same velocity. 


Fermion 
A particle or a pattern of string vibration 
whose spin is half of a whole number 

Field 
Something that exists throughout space and 
time, as opposed to a particle that exists only 
at one point ata time. 

Force feld 
The means by which a force communicates 
its influence 

Free space 
A portion of vacuum space completely free of 
fields, Les not acted on by any forces 

Frequency 
Fora wave, the number of complete cycles 
persecond 
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General Relativity 
Einsteins theory based on the idea that the 
laws of science should be the same for all 
observers, no matter how they are moving, It 
explains the force of gravity in terms of the 
curvature ol a four-dimensional spacetime 
Crand Unification Theory 
A theory that unifies the electromagnetic, 
strong, and weak forces, 
Grassman numbers 
A class of numbers that do not commute In 
ordinary real numbers, it does nor matter in 
which order they are multiplied. A x B-C 
and B x A-C. However, Grassman numbers 
vavicommute, so A x Bis the same as -B x A 
Gravitational field 
The means by which gravity communicates 
its influence 
Gravitational force 
The weakest of the four fundamental forces 
of nature 
Gravitational wave 
A wavelike disturbance in a gravitational field 
Ground state 
The state of a system with minimum energy 


Holographic theory 
The idea that the quantum states of a system 
in a region of spacetime may be encoded on 
the boundary of that region 


Imauinary number 
An abstract mathematical construction, Real 
and imaginary numbers can be thought of as 
labelling the positions of points in a plane so 
thar imaginary numbers are at right angles to 
ordinary real numbers, 

Imaginary time 
Time measured using imaginary numbers 


Infinity 
A boundless or endless extent or number 

Inflation 
A brief period of accelerated expansion dur- 
ing which the very early universe increased. 
its size by an enormous factor. 

Initial conditions 
The state of a physical system at its begin- 
mina. 

Interference pattern. 
The wave pattern that appears from the 
merging of two or more waves that are emit 
ted from different locations or at different 


Kevin 


A temperature scale in which temperatures 
are quoted relative to absolute zero 


Light cone 
A surface in spacetime that marks out the 
possible direction for light rays passing 
through a given event 
Light second 
Distance traveled by light in one second. 
Light vear 
Distance traveled by light in one year 
Lorentz contraction 
The shortening of moving objects along their 
direction of motion, as predicted by special 
relativity 


Macroscopic 
Large enough to be seen by the naked eye, 
usually used for scales down to 0.01 mm. 
Scales below this size are referred 10 as 
microscopic 

Magnetic field 
The field responsible for magnetic forces 


Mass 
The quantity of matter In a bodys its inertia 
or resistance to acceleration in free-space, 

Maxwell field 
The synthesis of electricity, magnetism, and 
light into dynamic fields that can oseillare 
and move through space 

Microwave background radiation 
‘The radiation from the glowing of the hot 
carly universe, now so red-shifted that it 
appears not as light but as microwaves (radio 
waves wich a wavelength of a few centimeters} 

Moore’ law 
A Jaw stating that the power of computers 
will double every eighteen months. This 
clearly cannot continue indefinitely. 

M-Theory 
A theory that unites all five string theories, as 
well as supergravity, within a single thoretical 
framework, but which is nor vet fully under- 
stood, 


Naked singularity 
A spacetime silty, not surrounded by a 
black hole, which is visible to a distant observer: 

‘Neutrino 
A chargeless species of particle subject only 
to the weak force 

Neutron 
An uncharged particle, very similar to the 
proton, which accounts for roughly half the 
particles in an atomic nucleus. Composed of 
three quarks (2 down, 1 up) 

Newton’ laws of motion 
Laws describing the motion of bodies based 
on the conception ol absolute space and 
time. These held sway until Einsteins discov: 
ery of special relativity 

Newtons universal theory of gravity 
‘The theory that the strenath of the attraction 
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between two bodies depends on the mass and 
separation of the bodies; itis proportional to 
the praduct of their masses and inversely pro: 
portional to the square of the distance 
between them 
No boundary condition. 
The ides that the universe is finite but has no 
boundary in imaginary time, 
Nuclear fission 
‘The process by which a nucleus breaks down 
into two or more smaller nuclei, releasing energy: 
Nuclear fusion 
The process by which two nuclei collide and 
join to form a larger, heavier nucleus 
Nucleus 
The central part of an atom, consisting only 
of protons and neutrons held together by the 
strong force. 


Observer 


A person or piece of equipment that measures 
physical properties of a system. 


Particle accelerator 
A machine that can accelerate moving 
charged particles, increasing their energy 
P-brane 
A brane with p dimensions. Alsa se Brane. 
Photoelectric effect 
The way in which certain metals give off 
electrons when light falls on ther 
Photon 
A quantum of light; the smallest packet of the 
electromagnetic field 
Planck length 
About 10” centimeters. The size of a typical 
string in string theory 
Planck time 
About 10" seconds, time it takes light to 
travel the distance of the Planck length 
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Plancks constant 
‘The cornerstone of the uncertainty princi 
ple—the product of the uncertainty in posi- 
tion and velocity must be greater than 
Plancks constant. Its represented by the. 
symbol 

Plancks quantum principle, 

The idea that electromagnetic waves (e, 
light) can be emitted and absorbed only in 
discrete quanta 

Positivist approach 
The ides that a scientific theory is a mathe- 
matical model that describes and codifies the 
observations we make. 

Positron 


The positively charged antiparticle of the 
electron. 


Primordial black hole 
A black hole created in the early universe, 
Proton 
A positively charged particle, very similar to 
the neutron, that accounts for roughly half 
the mass ol an atomic nucleus. It is made of 
three quarks (2 up and | down). 


Quantum plural: quanta) 
"The indivisible un in which waves may be 
absorbed or emitted 

[mee 
en 
wth general elt 

Quail 
The physical lays that govern the realm ofthe 
Very small such as atoms, protons, and the 
ike; developed fram Planck's quantum princi- 
ple and Helseberg's uncertainty principle, 

Quark 
A charged elementary particle that feels the 
strong Foree Quarks come in six von up, 
denn, sang charmed, bottom, and top, and 
each favorin ree colon ed areen, and bh 
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The energy transmitted by waves or particles 
through space or some other medium 
Radioactivity 
The spontaneous breakdown of one type of 
atomic nucleus into another. 
Randall-Sandrum Model 
The theory that we live on a brane in an infi- 
nite five-dimensional space of negative curva- 
sure, like a saddle 
Red shift 
The reddening of radiation emitted by an 
‘object that is moving away from an observer 
caused by the Doppler effect 


Schrodinger equation 
Equation governing the evolution of the wave 
function in quantum theory. 

‘Scientific determinism 
A clockwork conception of the universe in which 
‘complete knowledge of the sate of the universe 
‘enables the complete state to be predicted at ear- 
lier or fume times suggested by Laplace. 

‘Second law of thermodynamics 
The law stating that entropy always increases 
“and can never decrease 

Singularity 
A point in spacetime at which the spacetime 
curvature becomes infinite 

Singularity theorem 
A theorem showing that a singularity. a point 
where general relativity breaks down, must 
exist under certain circumstances, in particu- 
Jar, that the universe must have started with 2 
singularity 

Solar eclipse 
A period of darkness that occurs when the 
moon passes berween the Earth and the Sun, 
typically lasting a few minutes on Earth. In 
1919 an eclipse viewed from West Africa 
proved special relativity beyond doubt 


Spacetime 
The four-dimensional space whose points are 

Spatial dimension 
Any of the three spacetime dimensions that 
are spacelike 

Special relativity 
Einsteins theory based on the ides that the 
laws of scence should be the same for all 
observers, no matter how they are moving, in 
the absence of gravitational fields 

Spectrum 
The component frequencies that make up a 
wave, The visible part ofthe suns spectrum 
can sometimes be seen as a rainbow. 

Spin 
An intemal property of elementary particles, 
related to but not identical to the everyday 
motion of spin 

Standard model of cosmology 
Big bang theory together with an understand- 
ing of the standard mode! of particle physics. 

Standard model of particle physics. 

A unifying theory for the three nongravita- 

tional forces and their effects on matter 

mary sate 

A state that is not changing with time 

ET 
A fundamental one-dimensional object in 
string theory that replaces the concept of 
structureless elementary particles. Different 
Vibration patterns of 2 string give rise to ele- 
mentary particles with different properties. 

String theory 
A theory of physics in which particles are 
described as waves on strings; unites quantum 
mechanics and general relativity. Also known 
as superstring theory 

Strong force 
The strongest of the four fundamental forces, 
with the shortest range of all. Ic holds quarks 


E 
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together to form protons and neutrons and 
these particles together ro form the atomic 
nucleus, 

Supergravity 
A set of theories unifying general relativity 
and supersymmetry, 

Supersymmetry 
‘A principle that relates the properties ol par- 
ticles of different spin 


Thermodynamics 
The study of the relationship between ener- 
gy, work, heat, and entropy in a dynamical 
physical system 

Time dilation 
A feature ol special relativity predicting that 
the flaw of time will slow for an observer in 
motion, or in the presence of a strong gravi- 
tational field. 

Time loop 
Another name lor a closed timelike curve. 


Uncertainty principle 
The principle formulated by Heisenbers that 
one can never be exactly sure of both the 
position and the velocity of a particle The 
more accurately one knows the one, the less 
accurately one can know the other: 

Unified theory 
Any theory which describes all four forces 
and all of matter within a single framework 


Vacuum energy 
Energy that is present even in apparently 
empty space. It has the curious property that 
Unlike the presence of mass, the presence of 
vacuum energy would cause the expansion of 
the universe to speed un 

Velocity 
A number describing the speed and direcuon 
of an objects motion. 
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Virtual particle 
In quantum mechanics, a particle that can. 
never be directly detected, but whose exis- 
tence does have measurable effects. Also se 
Casimir effect 


Wave funcion 


A fundamental concept in quantum mechan- 
les, a number at each point in space associat- 
ed with a particle, determining the probabili- 
ty that the particle is to be found at that posi- 
Wavelparticle duality 
‘The concept in quantum mechanics that there 
‘sna distinction between waves and particles; 
particles may behave like waves and vice versa 
th 
The distance between two adjacent troughs 
or two adjacent peaks of a wave. 
Weak force 
The second weakest of the four fundamental 
forces, with a very short range. It alfects all 
matter particles, but not lorce-carryimg parti 
de. 
Weight 
The force exerted on a body by a gravitation- 
al field I is proportional to but not the same 
Wormhole 
A thin tube of spacetime connecting distant 
regions of the universe Wormholes may also 
link parallel or baby universes and could pro- 
vide the possibility ol time travel 


Wavel 


Yang-Mills theory 
An extension to Maxwells field theory that 
describes interactions between the weak and 
the strong force 


Suggested Further Readings 


There are many popular books ranging [rom the very good, like The Elegant Universe, to the indifferent 
(which | won't identify). 1 have therefore restricted my list to authors who have made a significant 
contribution to the field in order to convey the authentic experience 

apologize to those I have left out because of my ignorance. A second list, "Getting More 
Technical, 


is included for readers who want to pursue more advanced texts 
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